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ABSTRACT 
 
Telomerase Regulation in Arabidopsis thaliana. (August 2012) 
Andrew David Lyle Nelson, B.S., Southwestern Oklahoma State University 
Chair of Advisory Committee: Dr. Dorothy E. Shippen 
 
Telomeres form a nucleoprotein cap at the end of eukaryotic chromosomes. The 
telomere protein constituents repress the DNA damage response (DDR) and facilitate 
maintenance of terminal sequences by a specialized ribonucleoprotein complex called 
telomerase. In turn, factors involved in the DDR guarantee telomerase acts only in 
telomere homeostasis, and not at double-strand breaks (DSBs). Thus, the three pathways 
surrounding telomeres display incredible overlap and are immensely complex.  
Here, I report a novel regulatory pathway that limits telomerase action during 
DNA damage. Duplication of the telomerase RNA subunit (TER) in Arabidopsis has 
given rise to a TER that is not required for telomere homeostasis. Indeed, this TER, 
termed TER2, is a competitive inhibitor of TER1 RNP complexes. Exposure to 
genotoxic agents results in TER2 upregulation and a subsequent inhibition of telomerase 
activity.  
Using data from the 1,001 Arabidopsis genomes project, I determine that the 
TER duplication and inhibitory nature of TER2 is likely derived from a transposon-like 
element within TER2. This element is found throughout Brassicaceae, with at least 32 
members in Arabidopsis lyrata. These findings highlight the complex and diverse 
mechanisms by which an organism will regulate telomerase action.  
 iv 
Here I characterize two members of the A. thaliana POT1 gene family. Contrary 
to POT1a, these proteins appear to have derived unique ways to perform their roles in 
chromosome-end protection. POT1b may protect telomeres as part of a TER2 telomerase 
RNP complex, as telomere defects only appear in the absence of both POT1b and TER2. 
POT1c is also appears to provide for chromosome end protection and appears to 
compete with POT1a to regulate telomerase access to the G-overhang. Together, these 
proteins represent part of a critical telomere capping complex distinct from CST. 
Additionally, I describe a means for elucidating factors that regulate telomere 
addition at DSBs. This incredibly detrimental process, termed de novo telomere 
formation (DNTF), is toxic, and thus this work describes the first in depth 
characterization of DNTF in multicellular eukaryotes.  
In summary, my work describes several novel regulatory and protective 
mechanisms for keeping telomeres and DSBs distinct. 
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CHAPTER I  
INTRODUCTION AND LITERATURE REVIEW 
In the late1930s, while America was suffering through the great depression and 
Europe was appeasing Nazi Germany, two geneticists were shedding light on the 
remarkable segments of DNA found at the end of eukaryotic chromosomes. Barbara 
McClintock, a maize cytogeneticist at the University of Missouri, followed the fate of 
broken chromosomes. McClintock observed a repair process at work on dicentric maize 
chromosomes after they broke apart during mitosis. McClintock termed this process 
“chromosome healing’, since these chromosomes were safe from future fusion events 
(McClintock B, 1938). Around the same time, Herman Muller (University of 
Edinburgh), a geneticist studying the effects of x-rays on Drosophila chromosomes, 
found many genome rearrangements arising from the formation and repair of double-
strand breaks (DSBs). Muller astutely noticed that chromosomal fusion did not arise 
from double strand breaks DSBs at the ends of the chromosomes (Muller, H.J. 1938). 
Working independently, both Muller and McClintock recognized that the ends of 
chromosomes had special properties that protected them from being covalently joined 
end-to end. Muller coined a name for these ends: telomeres (Muller, H.J. 1938).  
Eventually scientists discovered that chromosomes are comprised of double 
stranded (ds) DNA, and that this DNA had a polarity to its structure. The inherent 
____________ 
This dissertation follows the style of European Molecular Biology Organization Journal. 
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makeup of the dsDNA helix complicates replication of the chromosome terminus, and 
led to theories on the End-Replication Problem, first laid out by Alexey Olovnikov in 
1971 (Olovnikov A, 1971), and then by the renowned James Watson in 1972 (Watson J, 
1972). Due to the semi-conservative mechanism of replicating linear, eukaryotic DNA, 
lagging strand synthesis results in a un-replicated segment of DNA each round of cell 
division. The loss of terminal DNA sequences would not be a problem in non-germline 
cells, as they would abide by Hayflick’s limit (Hayflick and Moorhead, 1961), and stop 
dividing after ~50 cell divisions. However, some mechanism had to account for the 
complete transfer of full length chromosomes from one organism to its offspring.  
It was not until the 1980s that Elizabeth Blackburn and Carol Greider solved this 
riddle, identifying an enzyme in the ciliated protozoan, Tetrahymena thermophilla that 
was capable of adding telomere repeats to a DNA molecule in vitro (Greider and 
Blackburn, 1985). Genetic and biochemical analysis followed, demonstrating that this 
enzyme, telomerase, consisted of a reverse transcriptase (TERT) and an associated RNA 
molecule (TER), both necessary for activity (Greider and Blackburn, 1987; Shippen-
Lentz and Blackburn, 1990). Telomerase-mediated maintenance of telomere tracts has 
proven to be highly conserved across eukaryotes, and is crucial for cellular longevity. 
Indeed, altering the dynamics of telomere length maintenance, or perturbing the complex 
protein architecture that protects the telomeric DNA, has profound effects on integrity of 
the entire genome and on organismal viability (Jain and Cooper, 2010; Wellinger RJ, 
2010; Boltz et al, 2012). 
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Telomeres and telomeric DNA 
Elizabeth Blackburn was the first to sequence telomeric DNA. Her subject was 
mini-chromosomes encoding ribosomal RNA genes from Tetrahymena (Blackburn and 
Gall, 1978). Later, telomere sequence was acquired from a variety of related ciliates, 
revealing 20-70 copies of a G-rich repeat. Subsequently, linear plasmids abutted by the 
Tetrahymena telomere sequence were transformed into Saccharomyces cerevisiae, 
where they not only allowed for the maintenance of the plasmid, but were extended with 
the yeast telomere sequence (Szostack and Blackburn, 1982). This result suggested that 
there was some enzymatic mechanism capable of extending suitable G-rich substrates. It 
also suggested telomeres were a universal mechanism for safe-guarding the ends of 
chromosomes.  This discovery spurred the search for the repeat sequence from other 
organisms, quickly revealing the G-rich nature of telomeres was conserved in 
multicellular eukaryotes (Figure 1-1A).  Notably, across the metazoan lineage, the 
telomere repeat sequence is either TTAGGG (vertebrates), or TTAGG (insects), whereas 
the plantae lineage is dominated by the repeat TTTAGGG. The high conservation in 
telomere sequence suggests telomeres evolved as an early solution to genome 
maintenance in organisms with linear chromosomes. 
While telomere sequence is highly conserved, telomere length varies across all 
eukaryotes, ranging from less than 50ntds in some ciliates to 150kb in tobacco (Murti 
and Prescott, 1999; Zellinger and Riha, 2007; Figure 1-1A). To maintain these varying 
lengths of telomeric DNA, mechanisms for maintenance and protection of chromosome 
ends have been established (see below). 
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3’
5’
G-overhang (20-30nt)Double strand region (2-5kb)
Telomere length (kb) Organism Repeat Sequence
Arabidopsis thaliana
Nicotiana tabacum
Maize
S. pombe
Tetrahymena
Human
Mus musculus
Insecta*
S. cerevisiae
TTTAGGG
TTTAGGG
TTTAGGG
TTACAG2-3
TTTTGGGG
TTAGGG
TTAGGG
TTAGG
G2-3(TG)1-6
2-7
40-160
2-40
~0.3
0.25-0.4
2-30
20-150
-
0.3
A
B
Fig 1-1. Telomere sequence conservation and general structure.  (A) Telomere sequence and 
average length from several model systems. These numbers are adapted from Telomeres, Cold 
Spring Harbor Press, 2006. * This telomere sequence is not conserved among all insect species. 
(B) Schematic representation of the G-overhang in Arabidopsis thaliana (Riha et al, 2000). 
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G-overhangs and telomere secondary structure 
The presence of a single-strand (ss) extension at telomeres was first recognized 
in the early 1980s, once again in ciliates (Klobutcher et al, 1981). Due to its G-rich 
nature, this extension was called the G-overhang. The G-overhang, now identified in all 
model organisms studied, including humans, ciliates, yeast, and Arabidopsis, ranges in 
length from 12 to 250 nt (Wellinger et al, 1993; Makarov et al, 1997; Wright et al, 1997; 
Henderson and Blackburn, 1989; Naduparambil et al, 2001; Riha et al, 2000) (Figure 1-
1B). G-overhang length seems to be independent of overall telomere length, and varies 
throughout the cell cycle (Wellinger et al, 1993). A G-overhang would naturally form 
during lagging strand synthesis due to degradation of the RNA primer synthesized by 
polymerase α (Olovnikov, 1973). However, G-overhangs have been identified on both 
ends of chromosomes in humans ( Lingner et al, 1995; Makarov et al, 1997). This 
finding argues that a resectioning event takes place on the leading strand, but how this 
occurs and the enzymes responsible are not well understood. Evidence from yeast 
demonstrates G-overhang formation during late S-phase, prior to, and independent of, 
telomerase action (Wellinger et al, 1993).  In budding yeast, G-overhangs are present 
throughout the cell cycle, but a late S-phase increase in G-overhang length is necessary 
for proper telomere extension by telomerase (Larrivee et al, 2004). In mammals, G-
overhangs range in length from 150-350nt, but unlike yeast, their size does not vary 
depending on stage of the cell cycle. Intriguingly, recent observations in Arabidopsis 
suggest that one end of the chromosome is blunt, in a Ku-dependent fashion (see below; 
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Karl Riha, personal communication). Thus, the architecture of the chromosome ends 
may not be completely parallel. 
The G-overhang is an important aspect of telomeres, necessary for appropriate 
chromosome end protection. The G-overhang is also needed for the formation of 
appropriate telomere architecture, namely, the T-loop (Figure 1-2a). First observed in 
vertebrates in 1999, the T-loop has since been identified in cross-linked nuclear 
preparations from a host of organisms, including humans, mice, garden pea, and ciliates 
(Griffith et al, 1999; Cesare et al, 2003; Murti and Prescott, 1999). The T-loop is formed 
by the invasion of the G-overhang into duplex telomeric DNA, a process that is assisted 
by telomere binding proteins (TBP) in vivo (Griffith et al, 1999). A T-loop has also been 
observed in Kluyveromyces lactis, but not in the close relative S. cerevisiae (Cesare et al, 
2008). Instead, in S. cerevisiae, the telomere is thought to form a simple fold-back 
structure. Formation of the fold-back is dependent on Rap1 (de Bruin et al, 2000) 
(Figure 1-2b). While the strategy chosen may differ among different organisms, these 
findings highlight the need to distinguish the end of the chromosome from a DSB.  
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3’
“T-loop”
3’
“Fold-back”5’
A
B
Fig 1-2. Secondary structure of telomeres. (A) T-loops have been visualized in 
both vertebrates and plants, and form through the G-strand invasion of upstream ds 
telomeric DNA (Griffith et al, 1999; Cesare et al, 2003). T-loops can form in vitro 
unaided, but in vivo, they form with the assistance of ds telomeric DNA binding 
proteins (primarily TRF2). (B) T-loops have not been identified in S. cerevisiae, 
but telomeres are believed to form “fold-back” structures to sequester the 
chromosome end (de Bruin et al, 2001). 
Vertebrates, Plants
Budding yeast
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The end replication problem and telomerase 
When the end-replication problem was first described by Olovnikov and Watson, 
a model was proposed to explain the Hayflick limit (Hayflick and Moorhead, 1961; 
Olovnikov, 1971; Watson 1972). Gradual loss of telomeric DNA during each round of 
replication would result in cellular senescence and eventual death in cells lacking 
telomerase (Figure 1-3). However, Hayflick’s limit was only observed in primary cell 
lines; single cell eukaryotes, such as Tetrahymena and yeast, and germline cells showed 
no such decline in population doubling over time (Figure 1-3).  
This led Olovnikov to predict that these organisms/cell types had a means of 
countering telomere decline (Olovnikov, 1973). Olovnikov was correct. Twelve years 
later telomerase was purified from Tetrahymena (Greider and Blackburn, 1985), and 
then identified in other ciliates and in yeast (Shippen-Lentz and Blackburn, 1990; 
Counter et al, 1997). Although telomerase activities can be detected in human germ line 
and stem cells, it is absent in normal somatic tissue (Kim et al, 1994).  
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C
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iv
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n
s
Critical Length
*
A B
Fig 1-3. The end-replication problem and replicative senescence. (A) Lagging strand synthesis results in incomplete 
replication of the daughter strand (black), due to the inability to fill in the 5’ end of the new daughter strand when the 
RNA primer is removed (Red). (B) Many cells follow a replicative senescence program. After a number of divisions, 
telomere attrition leads to a critical length, where senescence programs are activated (red *). Cells that manage to 
bypass this initial checkpoint either find a way to extend their telomeres by telomerase activation or recombination, 
or undergo massive chromosomal rearrangements.
5’
3’
5’
3’
5’
3’
5’
3’
= RNA Primer
Chromosome end
Chromosome end
Senescence
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Replicative senescence is now a well-established phenomenon in humans 
proposed to be important for tumor suppression (Kipling D, 1995). In humans, 
telomerase is repressed early in embryonic development in most tissues. Replicative 
senescence then arises from the progressive erosion of telomeric DNA due to incomplete 
replication, degradation, and recombination (Shay and Wright, 2010). Shortened 
telomeres are perceived as damaged DNA (see below) and activate DNA damage 
pathways (Schoeftner et al, 2009; Shore and Bianchi, 2009; Khadaroo et al, 2009). 
Shortened telomeres force the cell to exit the cell cycle and into the first stages of 
senescence (Toussaint et al, 2002). To avoid this fate, cells that must continue dividing 
submit their telomeres to telomerase for elongation. Thus, in stem and germ line cells, 
telomerase prevents replicative senescence by adding telomere repeats onto the G-rich 
strand.  
The reverse transcriptase activity of telomerase lies in TERT (telomerase reverse 
transcriptase). TERT utilizes the telomere complementary sequence within its associated 
RNA subunit, TER, as a guide to bind to the G-overhang (Figure 1-4). Telomerase then 
reverse transcribes telomere repeats onto the telomere, using the G-overhang as a primer 
and TER as the template. Replication machinery, such as polymerases α and δ, 
coordinate with G-strand elongation by telomerase to fill in the C-strand late in S-phase 
(Ray et al, 2002; Price et al, 2010). This highly regulated process results in preferential 
elongation of the shortest telomeres to a species-specific setpoint, thus solving the end 
replication problem (Hug and Lingner, 2006). 
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TERT
TER
Template Region
Telomere extension
Fig 1-4. Telomerase is the primary mechanism for telomere elongation. Telomeres 
are maintained by telomerase, which is comprised of the reverse transcriptase TERT, 
and an RNA subunit TER. Telomerase aligns with the G-overhang, using the 
telomere complementary template region within TER (CUAAACCCU). Telomerase 
then reverse transcribes telomere repeats, using the telomere as a primer for 
nucleotide addition.
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It should be noted that not all organisms regulate telomerase in the same fashion. 
Many single-celled eukaryotes restrict telomerase activity to a particular stage of the cell 
cycle (Gallardo et al, 2011; Bianchi and Shore, 2008). In mice, telomerase is active in 
most somatic tissue (Prowse and Greider, 1995), which may account for the increased 
incidence of tumors in these animals relative to humans. In Arabidopsis, as in humans, 
telomerase activity is present in actively dividing cells (young seedlings), but is 
gradually reduced as seedlings age and vegetative tissue fully develops (Forsyth et al, 
2002; Fitzgerald et al, 1999; McKnight et al, 2002). Telomerase activity is most active in 
flowers and immature siliques, coinciding telomere elongation prior to meiosis and 
immediately afterward to generate extended homogeneous telomere tracts for all 
offspring (Fitzgerald et al, 1999).  
 
TERT, the core enzymatic component of telomerase 
TERT is a highly conserved reverse transcriptase that shares a common ancestor 
with the reverse transcriptase derived from Penelope-like retroelements (Gladyshev and 
Arkhipova, 2007). This observation supports the hypothesis that telomeres arose from 
retrotransposons. Indeed, retrotransposition at telomeres is still at work in Drosophila 
(Nosek et al, 2006). TERT ranges in size from ~66kD (C. elegans) to ~130kD in humans 
and Arabidopsis.  Most TERT proteins contain a core RT domain, flanked by a long, 
sequence variable ~ 400 amino acid N-terminal extension, and a shorter ~150 amino acid 
C-terminal extension (Lingner et al, 1997; Harrington et al, 1997; Counter et al, 1997; 
Autexier and Lue, 2006). The minimal TERT from C. elegans retains only the RT 
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domain, this despite the observation that in most organisms, the N and C-terminal 
extensions (NTE and CTE) are required for activity (Malik et al, 2000). Telomerase is a 
processive enzyme in humans, Tetrahymena and likely Arabidopsis (Greider and 
Blackburn, 1985; Morin 1989; Fitzgerald et al 1999), implying steps of nucleotide 
addition followed by translocation and repositioning of the G-overhang with the RNA 
template. In contrast, the telomerase from yeast and mouse are non-processive. TERT 
makes multiple contacts with TER through an RNA binding domain within the NTE. 
The NTE binding sites on TER varies from species to species, perhaps due to the high 
sequence variability of the NTE (Autexier and Lue, 2006). This issue is also complicated 
by the paucity of TERs that have been identified.  
 
 
 
 
14 
 
 
 
 
 
 
 
 
 
 
Fig 1-5 Minimal telomerase RNP complexes from select organisms. Human telomerase 
forms a dimer in vivo consisting of TERT, TER, and Dyskerin (Cohen et al, 2006). Yeast 
telomerase is also a dimer, consisting of the TERT, Tlc1 (TER), and the snRNP Sm
proteins (Ly et al, 2003; Zappulla and Cech, 2004). Arabidopsis has at least two distinct 
telomerase complexes that may or may not dimerize (Cifuentes-Rojas et al, 2011). 
These complexes are formed from the two different TER molecules TER1 and TER2. 
Dyskerin associates with both TER1 and TER2 in vivo (Cifuentes-Rojas et al, 2011). 
Human and yeast complexes adapted from Teixeira and Gilson, 2007). 
S. cereviseae
Human
Sm
Dyskerin
Arabidopsis
Dyskerin
TERT
TER1
Tlc1
TER
TER2
Dyskerin
TERT
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TER, the RNA component of telomerase 
The essential nature of the RNA component in telomerase was shown when the 
addition of RNase to Tetrahymena extracts eliminated telomerase activity ( Greider and 
Blackburn, 1987). Subsequent purification of Tetrahymena telomerase and 
characterization of co-purifying RNAs revealed TER (Greider and Blackburn, 1989). 
TER has been surprisingly difficult to identify in other eukaryotes because of its very 
extensive sequence divergence and a variety of different approaches have been used to 
find this moiety. TERs from ciliates, fission yeast, and Arabidopsis were identified 
through biochemical purification of telomerase and sequencing of co-purifying RNAs 
(Greider and Blackburn, 1989; Leonardi et al, 2008; Cifuentes-Rojas et al, 2011). 
(Figure 1-5). In contrast, budding yeast TER was identified by a screen designed to 
identify suppressors of telomeric silencing (Singer and Gottschling, 1994). 
Characterization of one of these suppressors revealed Tlc1. Mutations within the 
template region of this RNA confirmed its role in budding yeast telomerase (Singer and 
Gottschling, 1994). The human TER was identified by creating cDNA libraries from 
telomerase negative and positive cell lines, then subtracting the telomerase negative 
library from the positive library, enriching for genes involved in telomerase activity or 
regulation (Feng et al, 1995). Hybridization was then used to isolate cDNAs containing 
the predicted template sequence. Twelve RNAs were identified in this manner, one of 
which reconstituted telomerase activity.  
One explanation for the rapid divergence of TER sequence is due to the constant 
need to evade cellular RNAi machinery (Neal Lue, personal communication). The 
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sequence divergence of TER within the Brassicaceae lineage will be discussed further 
below. In addition to sequence variability, TERs vary in length, from 150nt in 
Tetrahymena to ~1150nt in budding yeast (Greider and Blackburn, 1989; Singer and 
Gottschling, 1994). A mini-T yeast telomerase RNA of only ~150nt has been shown to 
reconstitute activity (Zappulla et al, 2005). Notably, the mini-T does not complement 
loss of full-length Tlc1 in vivo (Zappulla and Cech, 2006), supporting the conclusion that 
TER acts as a scaffold in vivo for the docking of multiple accessory proteins onto 
telomerase. Despite the drastic sequence dissimilarity and size differences, the secondary 
structure of TERs deduced through biochemical and phylogenetic analysis is highly 
conserved.  
The most conserved feature of TER is the single-stranded template region, which 
usually corresponds to 1.5 copies of the telomere repeat. Not all organisms utilize the 
entire template, probably due to boundary elements on either side of the template region 
(Theimer and Feigon, 2006). These boundary elements constrain reverse transcription to 
just the template region, and also act as a spring by which the translocation step is 
initiated (Qiao and Cech, 2008). An additional conserved element in TER is a 
pseudoknot. The pseuodknot is a region of double and triple helical structures lying 
adjacent to the template (Theimer et al, 2005; Tzfati et al, 2003). The pseudoknot is 
believed to form a molecular switch, fluctuating between open and closed states to 
accommodate translocation along the G-overhang (Chen and Greider, 2005). The 
pseudoknot and template region is sufficient for robust activity in vitro, allowing for the 
high-resolution probing of this secondary structure (Qiao and Cech, 2008). More 
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importantly, the pseudoknot is essential for telomere maintenance by telomerase in vivo 
(Chen and Greider, 2004)  
Within TER, there are several species-specific motifs lying outside of this core 
region. One region of interest is the H/ACA box, a motif present in small nucleolar 
RNAs that is necessary for the binding of the RNP maturation complex, Dyskerin (Chen 
and Greider, 2004; Fu and Collins, 2003). Dyskerin is essential for cell viability and 
functions to isomerize specific uridines into pseudouridines during the maturation 
process of ribosomal RNAs and spliceosomal snRNAs. Vertebrate TERs are not 
believed to undergo this conversion. Even so, the binding of Dyskerin is essential for 
human telomerase RNP biogenesis (Fu and Collins, 2003). The yeast homolog of 
Dyskerin, Cbf5p, has not been found to bind to Tlc1, but interestingly, the Arabidopsis 
Dyskerin, Nap57 (more below) has been found to bind the Arabidopsis TERs, 
suggesting an H/ACA box is present in both plant and animal TERs and furthermore that 
Dyskerin-mediated maturation of the telomerase RNP is conserved (Kannan et al, 2008). 
 
Telomerase RNA processing 
Expression and processing of TERs varies between species. In humans and yeast, 
TER (Tlc1) is transcribed by RNA Pol II, whereas in ciliates Pol III is responsible 
(Figure 1-6). The yeast telomerase RNA is processed similar to other Pol II transcripts in 
that it has a hypermethylated cap and is polyadenylated (Chapon et al, 1997; Bosoy et al, 
2003). The 3’ end of Tlc1 may undergo two cleavage steps, one to remove the poly-A 
tail, and another that results in the removal of an additional 94 nts (Bosoy et al, 2003). 
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This final cleavage reaction is dependent on the yeast Nrd1-Nab3-Sen1 complex, which 
is also necessary for the maturation of other Pol II transcribed snoRNAs (Jamonnak et al, 
2011; Ursic et al, 1997). In fission yeast, TERs with and without a poly-A tail have been 
identified indicative of a processing reaction (Figure 1-6) (Leonardi et al, 2008). After 
transcription, a complex of Sm proteins associates with the 3’ end of TER, promoting a 
novel spliceosome-dependent cleavage reaction that corresponds to the first step of 
mRNA splicing (Box et al, 2008). This processing event causes release of Sm proteins 
and subsequent binding of the like-Sm (Lsm) complex to stabilize the mature 3’ end. 
Lsm proteins remain associated with the telomerase RNP, protecting the 3’ end from 
degradation (Tang et al, 2012).  
The vertebrate TER contains a 5’ hypermethylated cap, but does not acquire a 
poly-adenylated tail (Zaug et al, 1996). As with yeast TERs, ~100nts is removed from 
the 3’ end of the RNA. In this case, the region required for 3’ processing is located 
within the mature RNA (Fu and Collins, 2003). The H/ACA motif found at the 
processed 3’ end, and the RNP proteins that bind it (Dyskerin et al) are most likely 
responsible for the correct processing of human TER (Zhang et al, 2011). As discussed 
in Chapter II, one of the two Arabidopsis TERs undergoes two novel processing events, 
one involving the cleavage of the TER2 3’ end. 
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Telomerase-associated proteins 
Telomerase activity can be reconstituted in vitro using only TERT and TER 
(Weinrich et al, 1997). However, in vivo, the telomerase holoenzyme contains several 
accessory factors that facilitate proper RNP biogenesis, enable optimal enzymatic 
activity, and negotiate recruitment to the chromosome end.  
Telomerase accessory factors were first identified in S. cerevisiae, in a genetic 
screen for factors that stabilize linear chromosomes (Lundblad and Szostak, 1989; 
Lendvay et al, 1996). A series of mutants were identified that showed progressive 
telomere loss and were termed ever shorter telomere (EST). The first identified 
accessory factor was Est1p. Cells lacking Est1p do not immediately become inviable, 
but rather undergo gradual cellular senescence (Lundblad and Szostak, 1989). This 
genetic screen also identified Est2p, (TERT in budding yeast), Est3p, another telomerase 
accessory factor, and the telomere capping protein, Est4p/Cdc13p (Lendvay et al, 1996). 
EST1 encodes an 82kD, highly basic protein that is capable of specifically 
binding telomeric ssDNA in vitro (Virta-Pearlman et al, 1996). Est1p also binds a bulged 
stem-loop in Tlc1, and this interaction is necessary for recruitment of the telomerase 
complex to telomeres (Seto et al, 2002). Telomerase recruitment to the telomere occurs 
through direct binding of Est1p to Cdc13p (see below; Lin and Zakian, 1995; Evans and 
Lundblad, 2002; Wu and Zakian, 2011). Est1p association with telomeres peaks during 
late S-phase, concomitant with the accumulation of other telomerase components (Fisher 
et al, 2004; Taggart et al, 2002; Tuzon et al, 2011). Est1p association with the 
chromosome end is dependent on its interactions with Cdc13p, as DNA binding by 
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Est1p has not been observed in vivo. Mutations that abolish the Est1p and Cdc13p 
interaction result in an EST phenotype (Evans and Lundblad, 2002). Est1p is reported to 
resolve G-quadruplexes in vitro, and notably, mutations that abolish this activity in vitro 
result in an EST phenotype in vivo (Zhang et al, 2010). These findings indicate that an 
Est1p-Cdc13p interaction is necessary for the initial recruitment of telomerase to the 
telomere, after which Est1p facilitates translocation of the enzyme along the G-
overhang.  
Putative EST1 orthologs have been identified in various species of yeast, 
vertebrates, and plants. However, the essential telomere function of Est1p are confined 
to yeast. Est1 from fission yeast interacts with TER and the telomere capping protein 
Ccq1 (Beernink et al, 2003; Webb and Zakian, 2012). Like ScEST1, SpEST1 is 
necessary for telomerase recruitment (Moser et al, 2011; Beernink et al, 2003). 
Bioinformatic analysis revealed the putative EST1 ortholog in humans and plants 
(Reichenbach et al, 2003). Of the three EST1 genes in human s, only Est1a associates 
with telomerase. Over-expression of hEst1a induces uncapping of telomeres, resulting in 
telomere-telomere chromosomal fusions (Reichenbach et al, 2003). hEST1a is better 
known as SMG6, a critical component of the nonsense mediated RNA decay (NMD) 
pathway. All three human EST1 genes are implicated in this pathway (Chiu et al, 2003; 
Okada-Katsuhata et al, 2012).  There are two EST1 genes in Arabidopsis (Riehs et al, 
2008). Similar to humans, Arabidopsis homologs are involved in NMD and appear to be 
necessary for passage through meiosis. These genes do not have obvious telomere 
related functions (Riehs-Kearnan et al, 2012).   
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Another telomerase accessory factor was identified in the initial screen for 
budding yeast telomere mutants, Est3p (Lendvay et al, 1996). Est3p is a small protein, 
~20kD, whose homo-dimerization is necessary for telomerase activity in vivo (Yang et 
al, 2006). Est3p does not require the presence of Tlc1 to interact with the TEN domain 
of Est2p (TERT). Indeed, this direct interaction is thought to stimulate telomerase 
beyond basal activity and potentially serve as an alternative means of recruitment to the 
telomere (Talley et al, 2011; Yen et al, 2011). The Est3p interaction with Est2p in vivo is 
conserved in other yeast species (Yen et al, 2011), but, no sequence or functional 
homologs have been identified outside of yeast.  
While Est1p and Est3p regulate the telomerase complex in yeast, this function 
may have been transferred to the chromosome end in higher eukaryotes in the form of 
the telomere capping complex (see below). Relatively few proteins that assist telomerase 
in negotiating the chromosome end have been identified in multicellular organisms. 
Purification of endogenous telomerase complexes place their size between .65-2 Mda 
(Cohen et al, 2007; Schnapp et al, 1998; Cifuentes-Rojas et al, 2011). Even assuming a 
dimer of TERT, TER, and Dyskerin, this hypothetical complex barely reaches the lower 
observed MW. The size discrepancy in telomerase RNP complexes is a subject that will 
be covered in more depth later. However, known telomerase associated components in 
human cells are all implicated in RNP biogenesis, not in telomerase recruitment. Such 
factors include several Cajal body associated proteins, like Dyskerin, Dyskerin-
associated proteins such as the ATPases Pontin and Reptin, and finally, TCAB1 
(Venteicher et al, 2008; Venteicher et al, 2009). Cajal bodies are nucleolar compartments 
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where ribosomal, TER, and snRNP RNAs undergo biogenesis and maturation (Morris, 
2008) Dykserin has been touched on briefly already, and will be addressed further in 
Appendix (App-I). The ATPases Pontin and Reptin physically interact with one another, 
have roles in chromatin remodeling, and interact with small nucleolar RNA complexes, 
in a fashion similar to Dyskerin (Newman et al, 2000; Rottbauer et al, 2002). Pontin and 
Reptin most likely associate with telomerase through Dyskerin. Knockdown of either 
protein results in reduced telomerase activity in vivo due to loss of TER accumulation 
(Venteicher et al, 2008).  While Pontin and Reptin are most likely necessary for 
accumulation and biogenesis of the mature telomerase molecule, they are not necessary 
once the telomerase RNP has assembled (Venteicher et al, 2009).  
TCAB was identified in the same type of purification scheme that recovered 
Pontin and Reptin (Venteicher et al, 2008). TCAB also physically associates with 
Dyskerin, but requires TER to associate with TERT, suggesting it is in a complex 
situated at the H/ACA box along with Dyskerin. TCAB1, unlike Pontin and Reptin, 
associates with an active telomerase holoenzyme (Venteicher et al, 2009; Zhong et al, 
2011). Interestingly, TCAB1 localizes to Cajal bodies, where Dyskerin and TER 
associate in human cells (Venteicher and Artandi, 2009). TCAB1 depletion does not 
affect overall activity levels, but it does affect telomerase localization to Cajal bodies. 
Cajal bodies are believed to store telomerase until the S-phase of the cell cycle, 
whereupon telomerase is released to engage the telomere (Venteicher and Artandi, 
2009). TCAB1 depletion decreases telomerase association with the chromosome end 
during S-phase and results in progressive telomere shortening (Venteicher et al, 2009; 
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Zhong et al, 2011; Batista et al, 2011). The mechanism of TCAB1 function is still 
unknown, but it provides an interesting window into regulation of the telomerase 
holoenzyme in humans. The emerging view of telomerase accessory proteins in 
Arabidopsis will be discussed below. 
 
Telomere-associated proteins 
Telomeres must be sequestered into complex amalgams of protein and DNA to 
prevent their identification as DSBs. Thus, telomere capping involves physically 
obscuring telomeric DNA, and the active repression of DDR pathways. In addition, the 
telomere capping proteins must regulate access of telomerase to the G-overhang (See 
below). While a few of the telomere capping factors are species-specific, there is more 
conservation at the chromosome end than appear to be in the telomerase complex. The 
protein composition at telomeres can be broadly divided into ds and ss telomeric DNA 
binding proteins and the factors that bridge these two domains.  
In yeast, ds telomeric DNA is associated with the essential transcriptional 
repressor/activator protein, Rap1 (Longtine et al, 1989; Runge and Zakian, 1990; Lustig 
et al, 1990). Rap1 contains a Myb DNA binding domain, which shows flexible 
specificity for a repeat sequence found within the heterogeneous telomere tracts (Konig 
et al, 1996; Longtine et al, 1989). Myb DNA binding domains are common in the ds 
telomeric DNA binding proteins, and will be discussed in the context of the TRF 
proteins below.  
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Over-expression of Rap1 leads to increased telomere length and heterogeneity, 
partly a result of increased telomere recombination (Conrad et al, 1990). Rap1 is a 
negative regulator of telomerase thought to function in a “counting” mechanism to 
control telomere length (Marcand et al, 1997; Shore and Bianchi, 2009). Long telomeres 
are bound by more Rap1, leading to decreased telomerase action (Levy and Blackburn, 
2004). Telomerase inhibition may be due to simple telomere inaccessibility (Teixeira et 
al, 2004). High Rap1 concentration at telomeres is necessary to fold telomeres back into 
a telomerase non-extendible state (de Bruin et al, 2000; Teixeira et al, 2004). This Rap1 
telomere counting mechanism signals through the conserved DNA damage response 
(DDR) kinases Tel1/Mec1 (ATM/ATR) (Ray et al, 1999; Craven et al, 1999). Rap1 also 
promotes telomere silencing through interactions with the chromatin remodelers and 
silencers Sir3 and Sir4 (Hardy et al, 1992; Bourns et al, 1998). Rap1 mediates telomere 
length homeostasis and suppression of the DDR through interactions with two Rap1 
interacting factors, Rif1 and Rif2 (Wotton and Shore, 1997; Levy and Blackburn, 2004; 
Teixeira et al, 2004). 
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Fig 1-7. Telomere capping complexes in budding yeast and vertebrates. (A) 
Potential telomere capping complex during the G1 phase of the cell cycle in 
budding yeast. The predominant dsDNA binding telomere protein is Rap1, which 
also associates with two other proteins, Rif1 and Rif2. G-overhangs are very 
short in budding yeast outside of S-phase, so there is the potential for no CST 
(Cdc13/Stn1/Ten1) binding. Instead, telomere ends could be bound by a complex 
of Ku and an inactive telomerase (proposed model). (B) During S-phase, the G-
overhang’s elongate, and Cdc13, Est1, and TERT are enriched, coinciding with 
telomere elongation and replication. (C) In vertebrates, telomeres are primarily 
bound by the six-membered complex called shelterin. The dsDNA binding 
proteins consist of TRF1 and TRF2, which homodimerizes. TIN2 serves as a 
bridge between the TRF proteins and the ss strand binding heterodimer, 
TPP1/POT1. In vertebrates, there is always at least a short G-overhang (~40nt) 
that gets extended preceding telomerase activity. (D) With the identification of a 
CST complex in vertebrates, the possibility for overlapping functions with yeast 
CST arises. One possible common role for CST is to help initiate replication of 
the telomere during S-phase.
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The ds telomere region in vertebrates is bound by components of a conserved 
six-membered complex termed shelterin. Shelterin is composed of two dsDNA binding 
proteins, TRF1 and TRF2, a ssDNA binding protein POT1, TRF1 and TRF2 interacting 
nuclear protein TIN2, Rap1, and the POT1 interacting protein TPP1 (Figure 1-7). All six 
components can bind one another in the absence of DNA, but show remarkable 
specificity for the chromosome terminus (Palm and de Lange, 2008). 
A factor showing high specificity to the human telomere repeat was first 
identified using the human telomere repeat as “bait” in an EMSA experiment involving 
nuclear extracts (Zhong et al, 1992). Further purification and mass spec analysis 
identified this was a single protein, TRF1, which specifically co-localized with telomeres 
(Chong et al, 1995). TRF2 was first identified based on homology to TRF1 and initial 
characterization showed TRF2 bound ds telomere repeats (Bilaud et al, 1996; Bilaud et 
al, 1997; Broccoli et al, 1997). TRF1 and TRF2 are highly abundant proteins that display 
homodimerization through a highly conserved dimerization domain (Bianchi et al, 
1997). TRF1 and TRF2 also contain a myb DNA binding domain, similar to the ScRap1 
DNA binding domain. Whereas TRF1 is ~60kD and slightly acidic at neutral pH, TRF2 
is 67kD and highly basic at cellular pH (Chong et al, 1995; Broccoli et al, 1997). TRF2 
shows reduced DNA binding in vitro, but this does not impair TRF localization to 
telomeres in vivo. Both TRF1 and TRF2, like Rap1 in budding yeast, are negative 
regulators of telomere length (Smogorzewska et al, 2000). TRF2 is believed to perform 
this role by promoting formation of t-loops, a telomeric substrate unsuitable for 
telomerase (Smogorzewska et al, 2000). TRF2 is capable of creating positive supercoils 
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that unwind DNA and promote strand-invasion (Amiard et al, 2007). In addition, TRF2 
contains a Gly/Arg-rich domain that shows specificity for Holliday junctions, which 
would be present at a t-loop (Amiard et al, 2007; Fouche et al, 2006). Both TRF1 and 
TRF2 change the secondary structure of telomeric DNA, creating loops of DNA around 
themselves, acting like telomere specific histones (Palm and de Lange, 2008).  
Rap1 in vertebrates is a TRF2 binding partner and is dependent on TRF2 for 
telomere localization, as it does not show DNA binding capabilities of its own (Celli and 
de Lange, 2005). The function of Rap1 is poorly understood, but recent data suggests 
that it is necessary for the inhibition of NHEJ at telomeres (Sarthy et al, 2009). TIN2 is a 
critical component of shelterin, that bridges between the ds and ssDNA binding proteins, 
TRF1/TRF2 and TPP1 (Kim et al, 2004; Houghtaling et al, 2004). Loss of TIN2 has a 
profound effect on shelterin stability (Ye et al, 2004). In summary, the ds telomere 
binding proteins in both yeast and vertebrates are necessary to regulate telomere length, 
telomerase access to the telomere, and prevent an illegitimate DDR (Denchi EL, 2009).  
The occlusion of the G-overhang is the responsibility of two different conserved 
complexes. The first complex, CST, is a heterotrimer comprised of Cdc13, Stn1, and 
Ten1. First identified in budding yeast, this complex was originally thought restricted to 
the family Saccharomycetaceae, which includes the model organisms S. cerevisiae, and 
C. albicans. However, it is now clear that this complex is functionally conserved in 
multicellular eukaryotes (Martin et al, 2007; Song et al, 2008; Surovtseva et al 2009, 
Miyake et al, 2009).  
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Budding yeast Cdc13 is a multifunctional 100kD protein that harbors multiple 
OB (Oligosaccharide/Oligonucleotide Binding Motif) folds within its N-terminal DNA 
binding domain. This OB fold is necessary for binding to an 11-nucleotide sequence 
found within the G-overhang that is complementary to the template region within Tlc1 
(Mitton-Fry et al, 2002). In vitro DNA binding experiments revealed that Cdc13 has 
high affinity for ss telomeric DNA substrates, and naturally obscures the G-overhang 
from template binding by telomerase (Zappulla et al, 2009). Cdc13 binds to the 
telomerase accessory factor Est1p (Qi and Zakian, 2000). Mutations within the Est1 
binding domain on Cdc13 also show an EST phenotype (Evans and Lundblad, 2002). 
Telomerase recruitment via the Est1-Cdc13 interaction is regulated in an ATM/ATR 
dependent fashion (Tseng et al, 2006), which will be discussed below. 
An essential role for Cdc13 is to protect the telomere from exonucleolytic 
degradation and to prevent the terminus from being recognized as a DSB (Nugent et al, 
1996). Temperature-sensitive Cdc13 mutants that impair these functions result in C-
strand resection, activation of a massive DNA damage response, and subsequent cell 
cycle arrest (Garvik et al, 1995; Nugent et al, 1996, Lin et al, 1996). Cdc13 functions in 
concert with its binding partners, Stn1 and Ten1. Stn1 was originally identified as a 
suppressor of a temperature sensitive Cdc13 mutant (Grandin et al, 1997). Stn1 and 
Cdc13 physically interact both in vitro and in vivo, and yeast mutant for Cdc13, but 
over-expressing Stn1, are viable. Ten1 was identified in a screen to identify suppressors 
of the Stn1-13 mutant allele, which results in abnormally long telomeres (Grandin et al, 
1997, Grandin et al, 2001).  Ten1 interacts with both Cdc13 and Stn1. While Stn1 is 
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believed to assist Cdc13 in controlling telomerase action, Ten1 is necessary for Cdc13’s 
suppression of exonucleolytic degradation (Xu et al, 2009). Loss of any of the CST 
components results in the same phenotype, indicating these three components function 
together to cap the chromosome end.  
Little is known about the role of CST (CTC1/STN1/TEN1) role at vertebrate 
telomeres (Surovtseva et al 2009, Miyake et al, 2009). hCST binds to telomeric ssDNA 
as a complex, but individual components display little affinity for DNA (Miyake et al, 
2009). Knockdown experiments of these components demonstrate that the CST complex 
protects telomeres independent of the other ssDNA binding complex in vertebrates 
(POT1/TPP1, see below). An important clue for the function of CST comes from the 
discovery that CTC1 and STN1 are components of the DNA polymerase-α complex, and 
hence are believed to facilitate replication of the chromosome terminus (Casteel et al, 
2009). Mutations within CTC1 result in shortened telomeres and DNA damage loci 
(Anderson et al, 2012) and have recently been identified as the cause of several genetic 
diseases (Anderson et al, 2012; Polvi et al, 2012). STN1 binds to shelterin components, 
and removal of this interaction domain leads to abnormal telomere elongation (Wan et 
al, 2009). Thus, in vertebrates, both CST and shelterin are essential for complete 
telomere protection and replication. 
The other ss telomere DNA specific complex conserved in many eukaryotes was 
first identified in the ciliate Oxytricha nova (Gottschling and Zakian, 1986; Price and 
Cech, 1987; Gray et al, 1991). This heterodimeric complex, consisting of TEBP α/β, 
shows high affinity for ss telomeric DNA. The α subunit directly binds DNA, whereas 
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the β subunit confers tighter binding for the complex in vivo, but does not bind DNA 
itself (Gray et al, 1991). Orthologs of TEBPα/β have been identified in vertebrates and 
fission yeast (Bauman and Cech, 2001; Liu et al, 2004; Miyoshi et al, 2008). A 
bioinformatics search for TEBP-α like proteins revealed a potential homolog, referred to 
as Protection Of Telomeres 1 (POT1) (Baumann and Cech, 2001). POT1, like TEBP-α, 
shows high specificity for ss telomeric DNA. TPP1, the functional human homolog of 
TEBP-β, was identified due to its strong interaction with POT1 (Liu et al, 2004). Similar 
to Oxytricha TEBP-α/β, TPP1 and POT1 dimerization allows for tighter binding to 
ssDNA (Lei et al, 2004; Xin et al, 2007; Wang et al, 2007). Unlike TEBPα/β, human 
binding activity is not limited to the extreme 3’ end of the G-overhang. In accordance 
with the longer G-overhangs in humans (50-300nt), POT1/TPP1 dimers can coat the G-
overhang, sequestering it away from harmful activities (Taylor et al, 2011). 
TPP1 binds to TIN2, linking POT1/TPP1 to the ds portion of shelterin (Takai et 
al, 2011). TIN2 tethering is proposed to increase the odds of POT1 out-competing RPA 
for ssDNA binding, thus inhibiting ATR activation (see below). Indeed, POT1 mutants 
unable to bind DNA still localize to telomeric DNA and co-purify with shelterin 
components (Liu et al, 2004). The interaction between shelterin and TPP1/POT1 is 
critical for telomere length maintenance and inhibition of the DDR (Ye et al, 2004; Liu 
et al, 2004; Hockemeyer et al, 2007).  
TPP1 also displays weak interactions with TERT, and gel filtration profiles show 
TPP1 co-fractionation with TERT in a ~2Mda complex, suggesting earlier estimates of 
telomerase complex size may have included TPP1/POT1 (Xin et al, 2007). The 
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TPP1/POT1 complex increases telomerase processivity on ssDNA in vitro (Wang et al, 
2007). This observation indicates that POT1/TPP1 increases telomerase activity on G-
overhangs long enough to accommodate both telomerase and POT1/TPP1.  
Just as the predominant dsDNA binding components share the myb-DNA 
binding domain, all known ss telomeric DNA binding proteins display tight and specific 
binding through an OB fold. POT1/TPP1, Cdc13/Stn1/Ten1 and the corresponding 
functional homologs from other organisms contain one or multiple OB folds that contact 
DNA (Baumann and Cech, 2001; Xin et al, 2007; Theobald and Wuttke, 2004). In the 
case of human and fission yeast POT1, crystal structure data suggests that DNA binding 
is primarily mediated through the first OB fold, whereas a second OB fold is necessary 
for stabilization of the substrate (Baumann and Cech, 2001).  
In conjunction with binding DNA, OB folds also participate in RNA binding and 
protein-protein interactions (Murzin AG, 1993; Theobald et al, 2003). OB folds are 
ancient structural motifs typified by a five-stranded β-barrel in a 1-2-3-5-4-1 
arrangement, with α-helices separating strands 3 and 4, and loops between the strands 
making primary contacts with DNA (Figure 1-8) (Kelly et al, 1998; Raghunathan et al, 
1997; Bycroft et al, 1997). Most OB folds can be readily predicted, such as the two 
140aa OB folds present in the N-terminus of all known POT1 proteins.  
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Fig 1-8. The Oligonucleotide-Oligosaccharide binding (OB) fold. (A) Ribbon 
diagram of an OB-fold. OB-fold domains are characterized by two three-
stranded antiparallel β-sheets, where β1 takes part in both sheets. (B) Ribbon 
diagram of the first OB-fold of SpPOT1 bound to ssDNA. ssDNA fits into the 
groove created by L45 and L12. Extensive hydrogen bonding and base-
stacking occurs in this groove to stabilize the ssDNA substrate.
A B
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Substrate specificity is a rarity for OB-folds (Bochkarev and Bochkarev, 2004; 
Krapp et al, 1998), which makes telomere specific OB-fold proteins all the more 
puzzling. The RPA trimer is a perfect example of OB-fold containing proteins that 
contact DNA non-specifically. RPA consists of six OB-folds, four of which bind DNA 
(Bochkarev and Bochkarev, 2004). RPA binds ssDNA irrespective of sequence, and will 
bind telomeric DNA in the absence of POT1 and initiate a DDR (Flynn et al, 2011). 
Thus, a highly conserved function for the POT1/TPP1 dimer is to prevent RPA binding 
and downstream ATR activation (Churikov and Price, 2008; Palm et al, 2009; 
Hockemeyer et al, 2006; Flynn et al, 2012).  
A less understood component of telomeres is the non-homologous end-joining 
component Ku. Ku is a ubiquitous and highly conserved heterodimer comprised of Ku70 
and Ku80. Ku is more famously known for its role in DNA damage repair. It binds to the 
ends of duplex DNA irrespective of sequence, helping to stabilize these ends during the 
repair process (Moore et al, 1996). With this in mind, the need for Ku to stabilize 
telomeres is counterintuitive (Boulton and Jackson, 1996; Nugent et al, 1998). The Ku 
heterodimer can perform different roles at DSBs and telomeres (Ribes-Zamora, 2007). 
ScKu is necessary for the formation of heterochromatin at telomeres, which leads to 
transcriptional silencing (Nugent et al, 1998, Bertuch et al, 2003). ScKu is also 
responsible for prevention of telomere recombination, C-strand resection (See below)  
Interestingly, ScKu is important for the recruitment of telomerase to yeast in a 
Tlc1-dependent, Est1-independent fashion (Nugent et al, 1998; Stellwagen etl al, 2003; 
Fisher et al, 2004). This recruitment is responsible for anchoring telomeres at the nuclear 
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periphery in yeast (Schober et al, 2009). In both budding yeast and vertebrates, Ku 
interacts with telomerase via a 48nt hairpin in TER (Stellwagen et al, 2003; Ting et al, 
2005). This interaction is responsible for recruiting an inactive form of yeast telomerase 
to the G-overhang during G1 of the cell cycle (Stellwagen et al, 2003; Fisher et al, 
2005). One possible explanation for Ku-mediated telomerase recruitment comes from 
the yeast Candida albicans. In this system, telomerase is one of many components 
necessary for telomere capping. Absence of either TERT or TER results in increased C-
strand resection, a role that is most likely dependent on Ku recruitment (Hsu et al, 2007). 
Additionally, the Ku/Tlc1 interaction is also necessary for the recruitment of telomerase 
to the site of DSBs (Stellwagen et al, 2003), where telomere repeats are then added. Why 
a protein that is necessary for healing of DSBs would be involved in such a detrimental 
process is quite interesting, and will be discussed below.  
 
Telomeres and DNA damage repair machinery: the enemy at the gate or the one 
within 
The end of a eukaryotic chromosome must be hidden from two competing forces. 
One of these is exonucleolytic activity, and the other is unwanted DNA repair that 
culminates in one chromosome end covalently attaching to another. These forces are 
prevented by the constant vigilance of telomere capping proteins. However, telomere 
replication and extension provide a point of vulnerability. Telomere lengthening and 
replication are tightly linked. Indeed, telomere extension follows on the heels of 
replication forks progression through or from the telomere end (Marcand et al, 2000; 
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Dione and Wellinger, 1998; Bianchi and Shore, 2007). Following DNA replication, a 
new complex of proteins must assemble on the telomeres of each new chromosome.  The 
issue gets even more complicated, because much of the DNA damage repair machinery 
is already present at telomeres, performing essential roles in telomere maintenance (see 
below). If telomeres are ever unprotected, DDR proteins switch roles immediately, 
initiating repair processes that can result in degradation of terminal sequences. 
Cells are alerted to DNA damage through the activities of two key protein 
kinases, ATM and ATR. ATM primarily responds to dsDNA breaks by the break-
binding complex Mre11 (Khanna and Jackson, 2001; Riha et al, 2006), whereas ATR 
senses accumulation of ssDNA through the activities of the ssDNA binding protein 
heterotrimer RPA (Shiloh Y, 2003). Upon sensing damaged DNA, these kinases 
phosphorylate the histone variant H2AX in a large region surrounding the site of damage 
(Kinner et al, 2008; Amiard et al, 2010; Szilard et al, 2010). Additionally, ATM and 
ATR activate kinases responsible for blocking cell cycle progression until the DNA has 
been repaired. In order to repair DNA breaks, ATM and ATR recruit appropriate DNA 
repair machinery.  
Of the two main DNA repair pathways, homologous recombination (HR) and 
non-homologous end-joining (NHEJ), the latter is strongly preferred in multicellular 
eukaryotes (Riha et al, 2006; Symington and Gautier, 2011). HR is limited to S and G2, 
where sister chromosomes are present to act as a template for repair. In contrast, NHEJ 
occurs during G1. There are two NHEJ pathways, classical NHEJ (C-NHEJ), and 
alternative NHEJ (A-NHEJ) (Stracker and Petrini, 2011). C-NHEJ is a robust DNA 
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repair pathway that begins with Ku-mediated stabilization of the DNA around the break 
site (Riha et al, 2006). Ku is a ubiquitous protein that associates with both telomeres as 
well as dsDNA breaks, and prevents excessive exonucleolytic degradation (Symington 
and Gautier, 2011). At dsDNA breaks Ku recruits factors necessary for the processing 
and re-ligation of the DNA (Boulton and Jackson, 1996). These factors include the 
exonuclease Artemis, which processes ends to create a suitable substrate for DNA ligase 
IV (Moshous et al, 2001). Ku is also capable of recruiting polymerases necessary for 
filling in gaps that arise during re-alignment of the resected DNA (Ma et al, 2004). A-
NHEJ, or microhomology mediated NHEJ, centers around the complex Mre11, Rad50, 
and NBS1/Xrs2 (MRN/X) (McVey and Lee, 2008; Symington and Gautier, 2011). 
MRN/X, like Ku, stabilizes dsDNA breaks, then initiates the resectioning of DNA while 
scanning for small regions of homology between the ends being repaired (Stracker and 
Petrini, 2011). 
Components of both NHEJ pathways are present at telomeres, including the 
kinases responsible for activating them, ATM and ATR (Palm and de Lange, 2008). Ku, 
as mentioned above, is responsible for stabilizing telomere ends in humans, yeast, and 
Arabidopsis (Wang et al, 2008; Bertuch and Lundblad, 2003; Riha and Shippen, 2003). 
ATM and ATR both seem to regulate telomerase activity, and repress the DDR at 
telomeres (Moser et al, 2011; Tseng et al, 2009). MRN/X is also associated with 
telomeres, where it is important for C-strand resection (Williams et al, 2010). In budding 
yeast, ATM association with telomeres is MRN/X dependent, while MRN/X activity is 
ATM dependent (Martina et al, 2012). Interestingly, these enzymatic activities are 
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necessary for proper telomere lengthening, most likely by creating a suitable binding site 
for telomerase (Lamarche et al, 2010; Bonetti et al, 2010). In fission yeast, ATM and 
ATR kinase activity is essential for recruitment and activation of telomerase (Yamazaki 
et al, 2012). Ku, through its interactions with Tlc1, is necessary for the proper 
accumulation of telomerase at telomeres in G1, perhaps to form a telomere protective 
complex (Stellwagen et al, 2003; Peterson et al, 2001). Thus, the function of Ku at 
telomeres is paradoxical. The structure of the chromosome end largely resembles 
substrates for the DDR machinery, and yet this function must be subverted specifically 
at telomeres and nowhere else in the genome. How Ku distinguishes between DSBs and 
natural telomeres is discussed below. 
 
De novo telomere formation 
One interesting facet of telomerase enzymology is its promiscuous nature. In 
vitro telomerase activity assays can be performed with a primer terminating in a single G 
residue. How then is telomerase prevented from acting at a DSB? The addition of 
telomeric sequence at an interstitial break site results in the loss of the centromere-distal 
chromosome DNA fragment. This outcome results in partial monosomy, and is the 
source of several genetic diseases such as Phelan/McDermid syndrome and alpha 
thalassemia (Bonaglia et al, 2011; Wilkie et al, 1990). McClintock observed de novo 
telomere formation, often referred to as “chromosome healing”, while characterizing the 
recovery of fused chromosomes in maize (McClintock B, 1941). Dicentric chromosomes 
break during anaphase, and this breakage-fusion-bridge cycle continues until a stable 
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chromosome is formed, or the cell enters senescence (Riha et al, 2006). McClintock 
observed that broken chromosomes could be repaired in the germline, by some 
mechanism that prevented the chromosomes from re-fusing (McClintock B, 1941). Of 
course this mechanism is telomerase, and thus, the recruitment of telomerase to 
chromosome breaks is not quite so peculiar. Given the choice between the loss of a cell 
or the loss of part of a chromosome, a mechanism has been developed to retain the cell. 
In chapters II and VI of this dissertation, experimental data are presented that build on 
the body of work from budding yeast to further our understanding of the mechanism for 
telomerase recruitment and regulation at dsDNA breaks.   
 
Telomerase regulation during DNA damage 
DSBs are an incredibly toxic form of DNA lesions arising from mistakes in DNA 
replication, genotoxic agents such as reactive oxygen species, and ionizing radiation (Xu 
and Price, 2011). As touched upon above, HR and NHEJ pathways are employed when 
such DSBs arise. However, mistakes happen, and a potential outcome of failed DSB 
repair is de novo telomere formation (DNTF). Analysis of sites of DNTF in human and 
murine systems reveal that very little sequence is lost at the break site, in line with Ku’s 
role at stabilizing and preventing resection at DSBs (Sprung et al, 1999; Hannes et al, 
2010). In budding yeast, telomerase can add telomere repeats at DSBs with little or no 
telomere repeat homology (Figure 1-8B) (Stellwagen et al, 2003). DNTF is dependent 
on an interaction between Ku and Tlc1, placing telomere addition in direct competition 
with DSB repair machinery. Intriguingly, Ku binds TER in humans, and in chapter II we 
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present data demonstrating Ku binding to Arabidopsis TER2 (Ting et al, 2005). In 
addition, data from Arabidopsis (Chapter VI) suggests that the requirement for Ku in 
DNTF is functionally conserved, raising the question of why the recruitment of 
telomerase to sites of DNA damage is conserved.  
One possibility is that a Ku-mediated DNTF pathway reflects Ku’s ability to 
recruit telomerase to natural telomeres. In this scenario, recruitment of telomerase to 
sites of DSBs is unintentional, arguing that mechanisms would be in place to prevent this 
from occurring. First I will discuss recent data indicating the constituents of the Ku 
heterodimer, Ku70 and Ku80, enable the complex to perform different functions, 
depending on the orientation of loading onto a DNA substrate.  
Targeted mutagenesis on Ku70 and Ku80 in budding yeast revealed that telomere 
silencing is mediated by a specific domain on Ku80, while NHEJ requires a specific 
domain on Ku70. Thus, a “two-face” model has been proposed (Figure 1-8) (Ribes-
Zamora et al, 2007). When Ku loads onto dsDNA, Ku80 faces inwards, away from the 
DNA end, and Ku70 faces outwards (Lopez et al, 2011). Ku80’s orientation at telomeres 
activates telomere spreading through interactions with the Sir family of proteins 
(Boulton and Jackson, 1998). Ku80 is also the site of interaction with TER (Stellwagen 
et al, 2003). Thus, orientation of Ku80 away from the end at DSBs may sequester Ku80-
bound telomerase from a potential substrate (Figure 1-8C).    
Inhibition of DNTF is also achieved by the resectioning of DSBs by the 
exonucleases Exo1 and Sgs1, recruited by the MRN/X complex (Figure 1-8C) (Chung et 
al, 2010; Lydeard et al, 2010). In budding yeast, loss of both Exo1 and Sgs1 results in 
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minimal DSB resectioning leading to increased Cdc13 binding, and increased DNTF 
(Marrero and Symington, 2010; Chung et al, 2010; Lydeard et al, 2010). Thus, 
resectioning at DSBs, a process that Ku minimizes, inhibits DNTF. 
Another mechanism to inhibit telomerase activity at DSBs is through the kinase 
ATR. ATR is alerted to a resected DSB by RPA-bound ssDNA (Zou and Elledge, 2003). 
Once activated, ATR phosphorylates two proteins to produce two different outcomes. 
One protein is Pif1, a 5’-3’ DNA helicase and potent telomerase inhibitor (Zhou et al, 
2000; Boule et al, 2005). Pif1 physically associates with telomerase in vivo and 
dislodges it from telomeric DNA, thus preventing DNTF (Figure 1-8C) (Eugster et al, 
2006; Boule et al, 2005). Another phosphorylation target of ATR is the telomere capping 
component Cdc13 (Tseng et al, 2006). Phosphorylation of Cdc13 at S306 result in 
decreased associated of Cdc13 at DSBs, and reduced DNTF (Zhang and Durocher, 
2010). Finally, ATR-mediated suppression of telomere components and MRN/X 
association at DSBs represents a concerted effort to suppress DNTF in yeast. It is not 
clear if a similar mechanism operates in other organisms. This question will be 
addressed in chapters II and VI. 
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Fig 1-9. A model for Ku activities at telomeres and DSBs in yeast. (A) Ku is responsible for 
normal telomere maintenance. Ku naturally associates with telomeres, where it modulates 
different activities through its “two faces.” Ku binds DNA so that Ku70 faces outward, towards 
the terminus, whereas Ku80 faces inward, away from the telomere or break. Ku70 is 
responsible for inhibiting exonucleolytic activity at telomeres. The Ku80 face promotes the 
telomere silencing effect through interactions with Sir proteins (Pink gradient). This silencing 
effect represses transcription of genes adjacent to telomeres. In addition, Ku80 is responsible 
for interactions with TER. This interaction results in telomerase recruitment in the G1 phase of 
the cell cycle, where it remains inactive, due to lack of Est1. (B) De novo telomere formation at 
DSBs. At DSBs that have not been resected, the potential arises for Ku dependent recruitment 
of telomerase and subsequent DNTF. The mechanism for how this occurs is unclear. (C) 
Inhibition of Ku-mediated DNTF. DNTF at resected DSBs is inhibited by RPA activation of ATR. 
ATR phosphorylates the DNA helicase PIF1, which inhibits telomerase by forcing it off of the 
DNA. Resectioning of DNA by itself is also inhibitory, perhaps placing the ss 3’ overhang out of 
reach of Ku-bound telomerase.
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One mechanism thought to prevent this interaction from taking place at sites of 
DNA damage in mammals is the post-translational modification or compartmental 
sequestration of telomerase. Evidence for this scenario has turned up in human 
endothelial cells. During high levels of DNA damage, TERT is phosphorylated, leading 
to inhibition or translocation out of the nucleus and into the mitochondria, where it 
performs an unknown function (Haendeler et al, 2004; Santos et al, 2006; Kharbanda et 
al, 2000). In addition, ionizing radiation results in telomerase retention in nucleolar 
compartments, away from DSBs (Wong et al, 2002). 
 
Arabidopsis as a model to study telomere biology 
Arabidopsis thaliana derives its name from the physician who first took note of 
it, Johannes Thal, in 1577. The idea of using Arabidopsis thaliana as a model organism 
dates back to the 1940s. Friedrich Laibach, the pioneer of Arabidopsis research and of 
flowering time, recognized the abundance of natural variation found within the species 
(Somerville and Koornneef, 2002; Koornneef , 2012). A. thaliana is found on all 
continents in the northern hemisphere, and comprises of >1000 different ecotypes 
(www.tair.org). These ecotypes provide a wealth of information to the community, 
particularly in the age of genome sequencing (Schneeberger et al, 2011; Cao et al, 2011).  
Arabidopsis excels as a model eukaryotic system in that it has a small genome 
(~130Mb) distributed amongst five chromosomes, short growth period (~6-weeks from 
seed to seed), and is easily transformable. The Arabidopsis community has developed a 
wide array of genetic resources, including T-DNA insertion lines and EMS mutant 
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collections. Arabidopsis is also well-suited as a model system for telomere biology. In 
the Columbia ecotype, telomeres are relatively short, ranging from 2-5 kilobases, 
making bulk quantification of telomere length straightforward (Shakirov and Shippen, 
2004). Moreover, on eight out of ten chromosome arms there are unique subtelomeric 
sequences that facilitate the precise measurement of telomere length on a per arm basis 
(Heacock et al, 2007). This feature makes it possible to use PCR strategies to detect and 
characterize end-to-end chromosome fusions, which heretofore has been limited to 
cytological analysis. Arabidopsis is also highly tolerant to genome instability. Mutations 
that are lethal in other organisms, such as perturbations in telomere capping components 
and ATM/ATR are not lethal in A. thaliana (Song et al, 2008; Surovtseva et al, 2009; 
Riha et al, 2001; Vespa et al, 2005; Culligan et al, 2004).  
 
TERT and TER in Arabidopsis 
The telomerase holoenzyme in Arabidopsis shows remarkable similarity in 
protein composition to both humans and budding yeast. TERT was identified rapidly 
following the sequencing of the A. thaliana genome (Riha et al, 2001; Arabidopsis 
Genome Initiative, 2000). AtTERT, at roughly 130kD, is similar in size to hTERT. 
AtTERT is highly expressed in Arabidopsis cell culture and shoot apical meristems 
(Oguchi et al, 1999). Telomerase activity is robust in young seedlings, continues to be 
high in the meristematic regions of the plant, peaking in flowers. Telomerase activity is 
repressed in vegetative tissue (Fitzgerald et al, 1999; this work). Arabidopsis can survive 
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in the absence of TERT for up to ten plant generations, but late generation mutants have 
reduced viability and eventually arrest in a small, vegetative state (Riha et al, 2001).  
Arabidopsis thaliana encodes two TER isoforms that can assemble with TERT in 
vivo and reconstitute activity in vitro (Cifuentes-Rojas et al, 2011; this work). Depletion 
of TER1, but not TER2, results in telomere shortening in vivo. TER1 and TER2 form 
distinct RNP complexes in vivo, the components of which will be discussed below. 
TER2 undergoes several unique biogenesis steps in vivo. The significance of these 
events will be a major component of this dissertation, and will be discussed in chapters 
II-V.  
 
Telomerase accessory factors in Arabidopsis 
Several accessory factors have been described for Arabidopsis telomerase. The 
H/ACA box binding factor, Dyskerin, associates with TER1 and TER2 and is critical for 
telomerase biogenesis, just as in humans (Kannan et al, 2008). As discussed above, Ku 
associates with the yeast and human telomerase RNA (Stellwagen et al, 2003; Ting et al, 
2005). As described in chapter II, evidence is provided to show that Ku associates with 
the TER2 RNP in Arabidopsis. In striking contrast to the situation in yeast where loss of 
Ku results in telomere shortening (Porter et al, 1996; Boulton and Jackson, 1996), loss of 
Ku in Arabidopsis results in rapid extension of telomeres and increased telomere 
recombination (Riha and Shippen, 2003; Zellinger et al, 2007).  
The best characterized telomerase accessory factor in A. thaliana is POT1a. 
AtPOT1a was identified in a homology search using S. pombe POT1 as the search query 
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(Baumann and Cech, 2001). AtPOT1a retains the requisite secondary structure of a 
POT1 protein, having two OB-folds and a C-terminal protein-protein interaction domain 
(Baumann and Cech, 2001; Surovtseva et al, 2007). In striking contrast to its 
counterparts in yeast and vertebrates, POT1a does not display DNA binding and instead 
shows high specificity for TER1 (Surovtseva et al, 2007; Cifuentes-Rojas et al, 2011). 
AtPOT1a is enriched at telomeres during S-phase when telomerase extends telomeres. 
AtPOT1a also interacts with the telomere capping component CTC1, a functional 
homolog of Cdc13 (Surovtseva et al, 2007; Beilstein et al, in preparation). Null 
mutations in AtPOT1a (pot1a-1 and pot1a-2) lead to an EST phenotype, indicating 
POT1a is required for telomere maintenance (Surovtseva et al, 2007). While mutations 
in AtPOT1a lead to reduced telomerase activity, TER1 levels are not affected. Thus, 
POT1a is an essential component of telomerase, necessary for optimal enzymatic 
activity, but not for RNA biogenesis. Whether POT1a serves as a telomerase recruitment 
factor similar to S. cerevisiae Est1 is still unknown. 
In A. thaliana, the POT1 gene family has undergone two duplication events, 
resulting in two full-length POT1 proteins (AtPOT1a and AtPOT1b; Shakirov et al, 
2005), and a third, truncated OB-fold encoding gene (POT1c). Over-expression of the N-
terminal half of POT1b results in a stochastic decrease in telomere length, chromosomal 
fusions, and severe morphological defects (Shakirov et al, 2005). Surprisingly, a null 
mutation within POT1b does not replicate this phenotype. Interestingly, Physcomitrella 
patens, a basal plant species, contains a single ssDNA-binding POT1 protein that 
performs a canonical role at telomeres (Shakirov et al, 2010). Thus, the potential remains 
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for an AtPOT1 protein playing a protective role at the chromosome end. The role of 
AtPOT1b and POT1c in Arabidopsis telomere biology will be discussed in chapters IV 
and V.  
 
Telomere capping proteins in Arabidopsis 
Until recently, none of the factors needed to protect telomeres in A. thaliana were 
known. The identification of STN1 in S. pombe was pivotal in revealing essential 
telomere protection proteins in Arabidopsis (Martin et al, 2007). A BLAST search using 
the S. pombe STN1 sequence as a query revealed the A. thaliana STN1 ortholog (Song et 
al, 2008). STN1 proved to be a conserved telomere capping protein, serving many of the 
functions of its yeast counterparts. Plants deficient for STN1 showed dramatic telomere 
loss, massive chromosomal fusions, and increased G-overhang signal (Song et al, 2008). 
Soon afterwards, while analyzing an EMS mutagenesis line with a mutation within 
POT1c, a severe chromosome defect was found. The mutation responsible for the 
telomere phenotype was subsequently mapped, not to POT1c, but to a novel gene, CTC1 
(Conserved Telomere maintence Component 1) (Surovtseva et al, 2009). CTC1 mutants 
showed a profound telomere uncapping phenotype, similar to stn1. In addition, it was 
shown that CTC1 interacts with STN1 in vitro. TEN1 is also present in Arabidopsis 
(Leehy et al, in preparation). Loss-of-function mutants show a similar physiological 
phenotype to ctc1 or stn1 mutants (Hashimura and Ueguchi, 2011). As expected TEN1 
interacts with CTC1 and STN1 and is critical for proper telomere capping.  
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In Arabidopsis, the only other shelterin components, other than the POT1 
proteins, are a family of 12 TRF-like (TRFL) proteins, six of which (Class I TRFL 
proteins) contain a Myb-extension that confers specific ds telomeric DNA binding 
(Karamysheva et al, 2004). Class I TRFL proteins appear to be good candidates for TRF 
orthologs in plants. Unfortunately, null mutations in any single one of the class I TRFL 
genes does not result in any apparent defect in telomere length maintenance, suggesting 
redundancy amongst this gene family. Strikingly, TPP1, TIN2, and RAP1 sequence 
homologs cannot be detected in plant genomes. As the existence of CTC1 demonstrates, 
this does not preclude the presence of functionally homologous shelterin components. 
 
Dissertation overview 
The overarching goal of this research was to investigate the mechanism of 
telomerase regulation. Inhibition of telomerase through the telomerase RNA subunit 
TER2, and the evolution of this RNA, will be discussed in Chapters II and III. Two new 
telomerase accessory factors, AtPOT1b and POT1c will be discussed in Chapters IV and 
V. Finally, the development of Arabidopsis as a platform for studying the mechanisms of 
DNTF will be discussed in Chapter VI.  
In Chapter II, the TER2 telomerase RNP is characterized. TERT binds with a 
higher affinity to TER2, which brings with it accessory components distinct from the 
TER1 RNP.  Furthermore, the TER2/telomerase complex does not productively engage 
the chromosome end for telomere maintenance. This finding provides a possible 
mechanism for how TER2 could negatively regulate telomerase. My contribution to this 
49 
 
story was in finding the physiological circumstances under which TER2 acts. Along with 
a known marker for activation of a DNA damage response, BRCA1, TER2 levels 
increase rapidly following addition of genotoxic agents. The induction of TER2 
correlates with inhibition of telomerase activity. Importantly, telomerase inhibition by 
DNA damage is abrogated in a ter2 null background. Therefore, I hypothesize that TER2 
prevents telomerase from acting at sites of DNA damage, allowing for the proper repair 
of damaged DNA.  
Chapter III discusses the evolution of the intervening sequence within TER2. The 
1001 Arabidopsis genomes project provides an unprecedented view into the micro-
evolution of TER2. I showed that the intervening sequence in TER2 is completely 
missing from 4 out of the 513 Arabidopsis ecotypes sequenced to date. In 59 other 
ecotypes the intervening sequence is highly degenerate, suggesting selective pressure 
against this element. The origin of the TER2 intervening sequence is addressed, as is its 
conservation and expansion within the Brassicaceae family. I hypothesize that insertion 
of the IS within an ancestral TER resulted in the duplication and translocation of the 
TERs in Arabidopsis. 
In Chapter IV, I examine the role of AtPOT1b in telomere maintenance and 
TER2 maturation. I characterize the molecular consequences of a null mutation for 
POT1b (pot1b-1). Contrary to results with transgenic plants over-expressing the N-
terminal half of AtPOT1b, we found that pot1b-1 lines bear minimal telomere defects. 
However, telomerase activity is increased in this background to a degree seen in the 
ter2-1, indicating POT1b is also a negative regulator of telomerase (Chapter II). POT1b 
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inhibition of telomerase activity is not dependent on TER2. Preliminary analysis of 
ter2pot1b double mutants demonstrates dramatic telomere dysfunction similar to those 
observed in ctc1 or stn1 backgrounds. Therefore, I hypothesize that AtPOT1b and TER2 
work in concert to protect chromosome ends, but regulate telomerase through different 
mechanisms. 
In Chapter V I establish a function for the newest member of the POT1 family, 
POT1c. POT1c is limited to A. thaliana.  POT1c represents a partial gene duplication of 
POT1a, and yet it functions at telomeres in a manner distinct from POT1a. I show that 
POT1c is a critical telomere capping component and is required for TER2 stabilization 
in vivo. These findings provide an important functional link between telomerase 
components and chromosome end protection and highlight the conservation of POT1 
function among eukaryotes.  
Chapter VI introduces a novel means of investigating DNTF in Arabidopsis. By 
introducing telomere repeat arrays (TRAs) into tetraploid (4X) Arabidopsis, the baseline 
de novo telomere formation frequency (percent DNTF/population of transformants) was 
assessed. DNTF was analyzed in different genetic backgrounds to determine what 
factors regulate DNTF in Arabidopsis. I found that de novo telomeres are treated like 
endogenous telomeres in terms of telomere length regulation. Furthermore, I found that 
DNTF is dependent on Ku, but not on other NHEJ components. I hypothesize that Ku is 
necessary for the stabilization and recognition of the TRAs. Additionally, these findings 
lay the foundation for understanding how DNTF is regulated in multicellular eukaryotes. 
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Chapter VII contains the overall conclusions from my work and a discussion of 
future directions for this research. This chapter touches upon testable models for how the 
AtPOT1 proteins perform their roles at telomeres and within the telomerase RNP. Also 
included are ideas for how the Arabidopsis DNTF assay can be exploited to address 
fundamental questions related to telomerase regulation and chromosome end protection. 
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CHAPTER II 
AN ALTERNATIVE TELOMERASE RNA REPRESSES ENZYME ACTIVITY 
IN RESPONSE TO DNA DAMAGE 
Summary  
Telomerase replenishes telomere tracts by reiteratively copying its RNA 
template, TER. Arabidopsis thaliana encodes two TER subunits, but only TER1 is 
required for telomere maintenance. Here we show that TER2 functions as a novel 
negative regulator of telomerase in vivo. Disruption of TER2 increases enzyme activity, 
while TER2 over-expression inhibits telomere synthesis from TER1.  Moreover, unlike 
TER1 RNP, TER2 RNP cannot efficiently extend telomeres. TER2 is spliced and its 3’ 
end cleaved to generate a third TER isoform, TER2S. The catalytic subunit TERT binds 
TER2>TER1>TER2S in vitro, suggesting that TER2 could act as a competitive inhibitor 
to sequester TERT in a non-productive complex in vivo. Finally, TER2, but not TER1, 
accumulates in response to genotoxic stress, leading to TER2-dependent telomerase 
inhibition.  These data reveal a complex regulatory network for Arabidopsis telomerase 
wherein an alternative TER works in concert with the canonical RNA template to 
regulate enzyme activity and promote genome integrity. 
 
Introduction  
Chromosomes must be capped with an ample reserve of telomeric DNA to 
ensure genome stability. The telomerase reverse transcriptase facilitates homeostasis of 
telomere tracts using its catalytic subunit TERT to reiteratively copy the internal RNA 
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template TER, thereby replenishing sequences lost during DNA replication. Telomerase 
is a highly regulated enzyme; its action is largely confined to, and essential for, self-
renewing cell populations. Inappropriate telomerase expression promotes tumorigenesis, 
while insufficient enzyme activity triggers genome instability and stem cell-related 
disease (Artandi and DePinho, 2010). Consequently, sophisticated mechanisms evolved 
to modulate telomerase activity. 
Although TERT is a highly conserved constituent of telomerase, TER subunits 
have diverged dramatically and exhibit little sequence similarity and vastly different 
sizes that range from 150nt in Tetrahymena to >1800nt in yeast (Greider and Blackburn, 
1989; Dandjinou et al, 2004; Leonardi et al, 2008; Webb and Zakian, 2008; Gunisova et 
al, 2009). Phylogenetic and mutational analysis reveal functionally conserved elements 
within TER, including a single-strand templating domain typically corresponding to one 
and a half telomeric repeats flanked by a 5’ boundary element and a 3’ pseudoknot 
domain (Solymosy et al, 2002; Autexier and Greider, 1995; Chen and Greider; 2004; 
Gilley and Blackburn, 1999; Seto et al, 2003; Tzfati et al, 2000; Gunisova et al, 2009). 
Human telomerase activity can be reconstituted with only the TER pseudoknot/template 
region and the CR4/CR5 trans-activation domain (Mitchell J, 2000; Tesmer et al, 1999).  
Similarly, yeast and Arabidopsis telomerase activity is supported by a “Mini T” version 
of TER consisting of ~150 nts (Zappulla et al, 2005; Qiao and Cech, 2008; Cifuentes-
Rojas et al, in prep).  While TER contributes to telomerase catalysis by promoting 
processivity (Chen and Greider, 2004; Lai et al, 2003) and fidelity (Prescott and 
Blackburn, 1997), much of the RNA appears to function as a scaffold for accessory 
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factors that facilitate RNP biogenesis, trafficking and interactions with the chromosome 
terminus (Wang et al, 2007; Chang et al, 2007; Zaug et al, 2010; Latrick and Cech, 
2010; Robart et al, 2010; Robart and Collins, 2010).  Vertebrate TERs associate with the 
RNP maturation complex dyskerin, but budding yeast TER assembles with Sm-proteins 
and is processed as a snRNA (Collins K, 2006).  Notably, biogenesis of 
Schizosaccharomyces pombe TER involves a novel “slicing” mechanism19 that requires 
the sequential binding of SM and Lsm complexes  (Tang et al, 2012).  Other TER 
binding factors include the KU70/80 heterodimer, which in Saccharomyces cerevisiae 
acts as a positive regulator of telomerase (Boulton and Jackson, 1998; Stellwagen et al, 
2003).  
Most of what is known concerning telomerase regulation centers on enzyme 
activation. In human cells transcriptional regulation of the catalytic subunit TERT is the 
major point of control, although alternative splicing, post-translational modification and 
intracellular trafficking of TERT also contribute to enzyme regulation (Cifuentes-Rojas 
and Shippen, 2012). Increased expression of TER is correlated with enzyme activation in 
some settings, but evidence that TER plays a significant role in modulating enzyme 
activity is currently lacking (Yokoi et al, 2003; Angelopoulou et al, 2008).  
In conjunction with tight regulation of telomerase activity at natural chromosome 
ends, the enzyme must also be strictly prohibited from acting at sites of DNA damage to 
prevent “chromosome healing” by de novo telomere formation (DNTF).  DNTF is a 
perilous endeavor due to loss of flanking DNA. In humans DNTF is associated with 
several genetic disorders, including α-thalassemia and mental retardation [46,50]. DNTF 
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can be curtailed by impeding telomerase interaction with a double-strand break (DSB).  
As part of the DNA damage response (DDR) in yeast, the telomere capping protein 
Cdc13 is phosphorylated by Mec1 (ATR), thereby preventing its association with a DSB  
and the subsequent recruitment of telomerase (Pennock et al, 2001; Zhang and Durocher, 
2010). Mec1 also stimulates the phosphorylation-dependent activation of Pif1 [48], a 
helicase that evicts telomerase particles engaged in synthesis by unwinding the TER-
DNA hybrid. While similar mechanisms have not been described for multicellular 
eukaryotes, human TERT is phosphorylated by c-Abl in response to ionizing radiation, a 
modification that is associated with telomerase inhibition (Kharbanda et al, 2000). 
Ionizing radiation also triggers the transient sequestration of hTERT in the nucleolus, a 
response that would temporarily block DNTF. 
Plants control telomerase activity in a similar fashion as animals, repressing the 
enzyme in leaves where cell division is waning and increasing expression in seedlings, 
flowers and other cells with high proliferation potential (Fitzgeral et al, 1999). As in 
vertebrates, core components of Arabidopsis thaliana telomerase include TERT and 
dyskerin (Fitzgerald et al, 1999; Kannan et al, 2008). However, A. thaliana is unique 
among model organisms studied to date as it encodes two telomerase RNA subunits, 
TER1 (748 nt) and TER2 (784 nt) (Cifuentes-Rojas et al, 2011).  TER1 and TER2 share 
a 220 nt highly conserved domain that in TER2 is divided into two segments interrupted 
by 529 nt intervening sequence.  Both TER1 and TER2 assemble with TERT to form an 
active enzyme in vitro, but only TER1 is required for telomere maintenance in vivo.  A 
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null mutation in TER2 does not perturb telomere length homeostasis under standard 
growth conditions, and hence the function of this RNA has been unclear. 
Another key component of the TER1 RNP is POT1a (Protection Of Telomeres), 
one of three POT1 paralogs in A. thaliana (Surovtseva et al, 2007; Shakirov et al, 2005; 
Chapters IV and V). Vertebrate and yeast POT1 bind the 3’ overhang on the 
chromosome terminus, thereby prohibiting a DDR and the inappropriate enzymatic 
reactions triggered by it (Baumann and Cech, 2001; Lei et al, 2004). In contrast, 
Arabidopsis POT1a is a constituent of the telomerase RNP that contacts TER1 and acts 
in the same genetic pathway as TERT for telomere maintenance (Surovtseva et al, 2007; 
Cifuentes-Rojas et al, 2011). Over-expression studies suggest that POT1b contributes to 
genome integrity (Shakirov et al, 2005), and yet like POT1a, POT1b does not bind 
telomeric DNA in vitro (Shakirov et al, 2009).  In addition, POT1b does not bind TER1 
(Cifuentes-Rojas et al, 2011).  Thus, TER2 and POT1b do not promote the canonical 
role of telomerase in telomere maintenance.  
Here we describe a new regulatory pathway for the telomerase RNP wherein 
TER2 inhibits telomere synthesis by TER1 in response to DNA damage.  Specifically, 
we show that telomerase activity is elevated in the absence of TER2, and repressed when 
TER2 is over-expressed.  We show that TER2 assembles with POT1b into an alternative 
RNP distinct in protein composition from TER1 RNP.  Our data further suggest that 
TER2 competes with TER1 for TERT in vivo, sequestering the catalytic subunit in a 
non-productive complex. Finally, we demonstrate telomerase activity is repressed in 
response to genotoxic stress, and this regulation is dependent on TER2.  We conclude 
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that TER2 is novel component of the DDR that modulates telomerase action to promote 
genome integrity.  
 
Materials and methods 
Primer extension 
Primer extension was carried out on total RNA extracted from Arabidopsis cell 
culture. 0.25pmol of 5‘ end labeled oligonucleotide was incubated with total RNA at 
95°C for 5 min and allowed to anneal in two sequential 15 min incubations at 72°C, and 
60°C, after which extension mix (50mM Tris-HCl pH 8.3, 15mM KCl, 3mM MgCl2, 
5% DMSO, 1mM DTT, 1mM dNTPs, 1.5U RNAseOUT® and 200U SuperScript III® 
reverse transcriptase (Invitrogen) was added to a 30μl final volume. The reactions were 
incubated at 58°C for 3 h. The enzyme was inactivated at 80°C for 10 min. The RNA 
was hydrolyzed by incubation at 70°C with 15μl of 1N NaOH for 10 min. The reaction 
was neutralized and precipitated with 15μl of 1N HCl, 20μl 3M NaOAc pH 5.2, ethanol 
and glycogen. The products were resolved by denaturing PAGE. 
In vitro telomerase reconstitution 
A TERT-pET28a plasmid with an N-terminal T7 tag was used for telomerase 
reconstitution experiments. Reactions were assembled with 100ng of TERT-pET28a 
plasmid and 0.5pmol or 0.1pmol of gel purified DNA template encoding TER1 or TER2 
respectively, driven by a T7 promoter, in a mix containing Rabbit Reticulocyte Lysate 
(RRL) (Promega), amino acids, RNase inhibitors, and T7 RNA polymerase. Reactions 
were incubated for 90 min at 30°C. T7 agarose beads (Novagen) were blocked with 
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buffer W-100 (20mM TrisOAc [pH 7.5], 10% glycerol, 1mM EDTA, 5mM MgCl2, 
0.2M NaCl, 1% NP-40, 0.5mM sodium deoxycholate, and 100mM potassium glutamate) 
containing 0.5mg/ml BSA, 0.5mg/ml lysozyme, 0.05mg/ml glycogen, 1mM DTT and 
1μg/ml yeast tRNA. The reconstitution reaction was mixed with the beads to a 200μl 
final volume and incubated for 2 h at 4°C with rotation. Beads were washed 6X with 800 
μl of W-400 buffer (W-100 containing 400 mM potassium glutamate) and 3X with 
800μl of TMG buffer (10mM TrisOAc pH 7.5, 1mM MgCl2, and 10% glycerol). After 
the final wash, beads were resuspended in 30μl of TMG. 2μl of beads were used for 
TRAP assays as previously described (130, 242). 
In vitro binding assays 
For co-IP experiments, POT1a, POT1b, KU70 and KU80 cloned in pET28a with 
a T7 tag were co-expressed with TERs in RRL as described above. After IP RNA was 
extracted and RT-PCR was performed (see Supplementary Methods). Electrophoretic 
mobility shift assays were performed with RNA transcribed in vitro with T7 RNA 
polymerase and [α-32P]-CTP labeled TER1 and TER2. Binding reactions contained 3μl 
of RRL expressed protein, 0.1pmol of 32P labeled TER and 1X binding buffer (25mM 
Tris-HCl pH 8.0, 10mM Mg(OAc)2, 25mM KCl, 10mM DTT and 5% Glycerol) in a 
30μl final volume. 1μM yeast tRNA and 0.5μM RNA (U3AG3)4 were used as 
nonspecific competitors. After 20 min at 30°C the reaction was loaded onto a 0.8% 
agarose 0.5X TBE gel and run for 2 h at 70 volts at 4°C. Gels were dried and exposed to 
phosphorimager screens. 
For double-filter binding assays, TERT expressed in RRL was incubated with 
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decreasing concentrations of pre-folded RNA transcribed in vitro using 5-end 32P-
labeled RNA as a tracer. Binding reactions contained 0.5μl of recombinant protein, pre-
folded TER in binding buffer (50mM Tris-HCl pH 7.5, 200mM potassium glutamate, 
0.5mg/ml BSA, 0.5mg/ml tRNA, 1mM MgCl2, 1mM DTT and 0.01% NP-40) in a 25μl 
final volume. After 30 min at 30°C, the reactions were filtered through nitrocellulose and 
nylon filters using a dot-blot apparatus (BioRad). The membranes were washed with 
600μl washing buffer (50mM Tris-HCl pH 7.5, 200mM potassium glutamate, 1mM 
MgCl2, 1mM DTT and 10% glycerol), dried, exposed to a phosphor storage screen and 
scanned after 2h. Equilibrium dissociation constants, Kd, were obtained by non-linear 
regression of the binding data fitted to a one-site binding model using Graphpad Prism 
software. 
Plant materials and genotyping 
Arabidopsis seeds with a T-DNA insertion in TER2 (SAIL_556_A04) were 
obtained from the Arabidopsis Biological Resource Center (Ohio State University, 
Columbus, OH). Seeds were cold-treated overnight at 4°C, and then placed in an 
environmental growth chamber and grown under a 16-h light/8-h dark photoperiod at 
23°C. Plants were transformed using the in planta method [88]. For genotyping, DNA 
was extracted from flowers and PCR was performed with the following sets of primers: 
#38: 5'-GACGACAACTAA ACCCTACGCTTACA-3' and #45: 5‘-
CGATGTTGTTTTTCTGCTTAGGACACA-3‘. To amplify mutant TER2 alleles 
containing a T-DNA insertion, the T-DNA specific primer was used along with TER 
8526-01 fwd: 5‘-GAGACGCAGCGAGCGATAGCCGATAG-3‘ primer. 
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Template mutation and plant transformation 
To generate template mutations in the template region of TER2, a PCR product 
containing the desired template mutation was generated with the primers TER2RSA fwd 
(5‘-CACCGACGACAACTAGTACCTACG CTTACA-3‘) and TER2 end reverse (5‘-
AATTCTGTGTAGCTATGATCTTGTGGCA-3‘). The mutation was confirmed by 
sequencing. TER2RSA was cloned into the destination vector pB7WG2 and transformed 
into plants homozygous for the T-DNA insertion in ter2-1. After transformation the 
seeds were selected in MS agar containing kanamycin at 50μg/ml. 
End-point RT-PCR and quantitative RT-PCR 
Total RNA was extracted from 0.5 g floral or other tissue using Tri Reagent 
(Sigma). cDNAs were synthesized from total RNA using Superscript III reverse 
transcriptase (Invitrogen). Random pentadecamers were incubated with 2 μg of total 
RNA in the supplied buffer at 65°C for 5 min. Reverse transcription (RT) was carried 
out with 100U of Superscript III at the following temperatures 37°C for 20 min, 42°C for 
20 min and 55°C for 20 min. Enzyme was inactivated at 80°C for 10 min and RNA was 
degraded with RNase H (New England Biolabs). 1.5 μl of cDNA was used in PCR. For 
real-time RT-PCR, 2 μl of the above cDNA was used at a 1:10 dilution in a 20μl reaction 
containing 10 μl of SyBr green master mix (NEB) and 2 μl of each primer (2μM). PCR 
was performed for 40 cycles with 30 s at 95°C and 60 s at 60°C. Threshold cycle values 
(Ct) were calculated using an iCycler iQ thermal cycler (BIO-RAD) and the supplied 
Optical System Software. 
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Quantitative RT-PCR data analysis 
Amplification efficiencies were calculated for each primer pair in a 5 point 
titration curve. The slope was calculated from a standard curve where Ct was on the y-
axis and log(cDNA dilution factor) on the x-axis. The corresponding real-time PCR 
efficiency (E) was calculated according to the equation: E=(10-1/slope)-1. To correct for 
intra-assay and inter-assay variability, each sample was evaluated by tripicate within one 
run in at least three different experimental runs. The relative expression level (R) was 
calculated as follows: R = (Etarget)ΔCttarget(control-sample) / 
(Ereference)ΔCtreference(control-sample) as previously described (329). U6 snRNA and 
β-actin were used as reference. Normalization to the pre-immune control and to the 
efficiency for each antibody was used for RNA quantification in the pull-down samples. 
Primers used for real-time PCR are as follows: TER1 Q4F:5‘-
CCCATTTCGTGCCTATCAGACGAC-3‘. TER1 Q4R: 5‘-
TCTCCGACGACCATTCTCTCGATAC-3‘; TER2#38: 5‘-GACGA 
CAACTAAACCCTACGCTTACA-3‘ and TER2#40: 5‘-CAGGATCAATCGGAG 
AGTTCAATCTC-3‘; TER2S: TER2#38 and TER2S# 193: 5‘-CCCCATCTCCGA 
CGAGACGAC-3‘; TERT Q3F: 5‘-ACCGTTGCTTCGTTGTACTTCACG-3‘ and 
TERT Q3R: 5‘-CGACCCGCTTGAGAAGAAACTCC-3‘; U6-1F: 5‘-GTCCCTTCG 
GGGACATCCGA-3‘ and U6-1R: 5‘-AAAATTTGGACCATTTCTCG A-3‘ β-Actin 2F: 
5‘-TCCCTCAGCACATTCCAGCAGAT-3‘ and β-Actin 2R: 5‘-AACGATT 
CCTGGACCTGCCTCATC-3‘. 
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TRF analysis, TRAP and Q-TRAP assays 
TRF and TRAP assays were performed as previously described  (Shakirov et al, 
2005; Kannan et al, 2008). TRAP products from mutant TER2RSA telomerase, a 
specific mutant reverse primer 5‘-CCTAGTACCTAGTACCTAGTACCTA-3‘ was 
used. Q-TRAP was performed as previously described (Kannan et al, 2008). 
Antibodies, immunoprecipitation and western blotting 
AtKU70 antibodies were kindly provided by Dr. Karel Riha (Gregor Mendel 
Institute, Vienna). AtTERT and AtPOT1a antibodies have been previously described 
(130, 242). The anti-dyskerin polyclonal antibody was raised in rabbits against 
recombinant full-length AtNAP57 expressed in E. coli. The POT1b is an affinity-
purified peptide antibody (Covance). IP efficiency was calculated for each antibody 
using 35S labeled protein expressed in rabbit reticulocyte lysate. Western blotting was 
performed with a 1:2000 dilution of anti-KU70, anti-POT1a, anti-POT1b, anti-TERT 
and anti-Histone H3 antibodies (Upstate). The anti-dyskerin antibody was used at a 
1:5000 dilution. Peroxidase-conjugated light chain-specific mouse anti-rabbit secondary 
antibody (Jackson Immunoresearch) was used at a 1:20,000 dilution. Following IP, RNA 
was phenol:chloroform extracted from the beads and subjected to RT using superscript 
III® reverse transcriptase (Invitrogen) and random pentadecamers. 
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Results 
A third TER isoform is generated by splicing and 3’ end cleavage of TER2 
We unexpectedly uncovered a third isoform of A. thaliana TER in experiments 
designed to examine the expression profile of TER1 and TER2.  Primer extension with 
an oligonucleotide complementary to a region conserved in both TER1 and TER2 (R2) 
(Figure 2-1A) generated the predicted products as well as a smaller species of ~220 nt 
(Figure 2-1B). This new RNA was amplified by end-point RT-PCR and was also 
detected by northern blot analysis (Figure 2-1C), ruling out artifactual PCR 
amplification or bypass reverse transcription. For reasons discussed below, the new 
RNA was termed TER2S.  
Cloning and sequencing revealed that TER2S is identical to TER2 with two 
notable exceptions. First, TER2S lacks the 529 nt segment in TER2 that interrupts the 
two highly conserved regions shared with TER1 (R1 and R2) (Figure 2-1D).  In TER2S 
R1 and R2 are precisely joined to create a contiguous 220 nt stretch with 85% identity to 
the corresponding region in TER1. The 11 nt telomere template sequence is retained in 
TER2S. BLAST searches failed to identify a locus in the A. thaliana genome that could 
encode TER2S, indicating that this RNA is a processed form of TER2.  
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Second, TER2S lacks 36 nt from the 3’ terminus of TER2 (Figure 2-1D). The 
missing segment corresponds to a non-conserved region just downstream of R2. 
Characteristic landmarks of consensus mRNA splicing (branch point, 5’ and 3’ splice 
sites) are not detected within the 529 nt intervening sequence or in the sequence flanking 
the 3’ cleavage site in TER2 (Figure 2-1E), suggesting that TER2S is not generated by 
conventional mRNA splicing. Since the three TER isoforms were isolated from 
Arabidopsis cell culture, we assessed the steady state levels of these RNAs during plant 
development. Quantitative RT-PCR showed that all three RNA isoforms are expressed 
in Arabidopsis plants. The steady state levels of TER1 and TER2s are consistently 
higher than TER2, although the abundance of all three RNAs declines in non-
reproductive tissues (Figure 2-1E).  
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TER2 assembles into an active enzyme, but it cannot efficiently incorporate telomere 
repeats onto chromosome ends 
We previously showed that TER2 assembles with TERT into an active enzyme in 
vitro.  Interestingly, however, in the presence of TER2, reconstitution of a catalytically 
active enzyme is optimal with extremely low RNA concentrations (.001 pmol) compared 
to 10 pmol for TER1 (data not shown). These findings argue that biochemical properties 
of TER1 and TER2, and their interaction with TERT in vitro are distinct.   Consistent 
with this finding, analysis of a TER2 null mutant, ter2-1, revealed that this RNA does 
not make a significant contribution to telomere maintenance in vivo.  
Therefore, we asked if TER2 assembles into an enzymatically active RNP in vivo 
by mutating the templating domain from 5’-CUAAACCCUA-3’ to 5’-CUAGUACCUA-
3’ (TER2RSA) to differentiate telomere repeat synthesis from TER2 and TER1. The 
templating function of TER2RSA was intact as in vitro reconstitution reactions with 
TERT yielded the expected RSA-type repeats (Figure 2-2A). TER2RSA was then placed 
under the control of the powerful Cauliflower Mosaic Virus (CaMV) 35S promoter and 
transformed into plants null for TER2, ter2-1. As expected, TER1 levels were wild type 
in these lines, while 35S::TER2RSA was over-expressed. Unlike wild type seedlings 
where TER2S is much more abundant than TER2, TER2RSA was enriched over TER2S-
RSA, and thus became the dominant TER2 isoform (Figure 2-2B). TRAP assays were 
performed on nuclear extracts from the transformants using primers designed to detect 
RSA-type repeats.  Robust telomerase activity was detected, demonstrating that 
TER2RSA assembled into an enzymatically active RNP in vivo. 
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We used Primer Extension Telomere Repeat Amplification (PETRA) to test if 
TER2RSA directed telomere repeat incorporation onto chromosome ends. PETRA 
reactions with TER2RSA transformants yielded the expected products with wild type 
PETRA-T primer (Figure 2-2C). In a second set of controls, the PETRA-TRSA primer 
failed to generate products for wild type plants or plants expressing a mutant form of 
TER1 (TER1CC) (data not shown).  Very faint products were detected in reactions with 
PETRA-TRSA for one of the two TER2RSA mutant lines (Figure 2-2C). Sequence analysis 
revealed a single mutant repeat in 14% of the clones (7/50). In one example, the mutant 
repeat was flanked by the sequence TATA, which is not encoded by the template.  In 
another clone, the mutant repeat was adjacent to a partial mutant repeat.  We suspect that 
the low level of TER2RSA-directed repeats incorporated reflects TER2 over-expression 
and the resultant inhibition of TER1 (see below).  We previously showed that TER1 is a 
highly efficient telomere template in vivo (Cifuentes-Rojas et al, 2011).  In striking 
contrast to the results with TER2RSA, more than half of the telomere tracts cloned from 
plants expressing a mutant TER1 (TER1CC) carried mutant telomere repeats, even 
though TER1CC was competing with endogenous wild type TER1 in this earlier 
experiment (Cifuentes-Rojas, 2011).  
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Figure 2-2. TER2 assembles into an active enzyme in vivo, but cannot maintain 
telomere repeats on chromosome ends (A) TRAP from TER2RSA in vitro reconstituted 
complexes. (B) Quantitative RT-PCR results for TER levels in TER2RSA transformants (C) 
TRAP results for 35S::TER2RSA transformants. Grey arrow, reverse primer complementary 
to WT telomere repeats. Black arrow, reverse primer complementary to TER2RSA mutant 
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telomeric DNA (left), and with PETRA-TRSA and PETRA-A primer to detect TER2RSA
products (right). (D) Q-TRAP results  for 35S::TER2RSA transformants. TRAP was 
performed using a reverse primer complementary to the wild type repeat. (E) TRF analysis 
of second (T2) and third (T3) generation TER2RSA mutants. (F) Q-TRAP results for WT, 
ter2-1+/-, and G1 and G2  ter2-1 homozygous mutants. Values were normalized to 
telomerase activity in WT plants. TRF analysis of second (T2) and third (T3) generation 
TER2RSA mutants. (F) Q-TRAP results for WT, ter2-1+/- and ter2-1-/- plants. Values were 
normalized to telomerase activity in WT plants.
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TER2 negatively regulates TER1-directed telomerase activity in vivo 
Q-TRAP assays performed with plants expressing TER2RSA unexpectedly 
revealed that endogenous telomerase activity was reduced by ~11-fold compared to 
untransformed controls (Figure 2-2D). Because 35S::TER2RSA transformants harbor a 
null mutation at the TER2 locus, telomere repeat synthesis must be suppressed from the 
TER1 RNP.  Although no telomere length change was observed in first generation (T1) 
transformants (data not shown), terminal restriction fragment analysis (TRF) revealed 
markedly shorter and less heterogeneous telomere tracts in the second (T2) and third 
(T3) generations (Figure 2-2E), consistent with reduced telomerase activity in vivo 
(Kannan et al, 2008; Riha et al, 2001). The decrease in telomerase activity correlated 
with increased levels of TER2RSA and not TER2S-RSA (Figure 2-2B), arguing that TER2, 
and not its processed form, TER2S, negatively regulates telomerase activity. 
If TER2 is a negative regulator of telomerase, enzyme activity should be elevated 
in plants null for TER2. As predicted, telomerase activity increased 2.1 fold in first 
generation (G1) ter2-1 heterozygotes, 2.8-fold in G1 ter2-1 homozygotes and 3.7-fold 
increase in second generation (G2) ter2-1 homozygotes (Figure 2-2F). Telomerase 
activity was confined to organs where the enzyme is normally expressed; enzyme levels 
remained low or undetectable in leaves (data not shown). Hence, loss of TER2 did not 
alter the developmental regulation of TER1 RNP activity. Consistent with previous 
results showing that over-expression of A. thaliana telomerase does not increase 
telomere length, TRF analysis revealed no change in telomere length for ter2-1 mutants 
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(data not shown).  Therefore, we conclude that TER2 inhibits the enzymatic activity of 
TER1 RNP in vivo. 
TERT differentially binds the three TER isoforms 
To investigate how TER2 negatively regulates TER1 RNP, we examined TER2-
protein interactions, beginning with TERT. TERT was expressed in rabbit reticulocyte 
lysate (RRL) and a double-filter binding assay was performed with decreasing 
concentrations of in vitro transcribed TER1, TER2 or TER2S to calculate Kd values. The 
Kd for TERT-TER1 and TERT-TER2 was 204.1 ± 11.3 nM and 22.6 ± 2.8 nM, 
respectively (Fig 2-3A), indicating that the affinity of TERT for TER2 is approximately 
8-fold higher than for TER1. The Kd value for TERT-TER2S was significantly higher 
than for TER1 at approximately 1.5 µM (Fig 2-3A). Thus, TERT displays a binding 
preference for TER2>TER1>TER2S in vitro.  
Immunoprecipitation (IP) using anti-TERT antibody followed by end-point and 
Q- RT-PCR were performed with five day-old A. thaliana cell culture extracts to study 
TERT-TER interactions in vivo.  None of the TER isoforms were detected in Histone H3 
or pre-immune IP control reactions (Figure 2-3B). The TERT IP contained both TER1 
and TER2, but only trace amounts of TER2S, consistent with in the vitro binding data.  
Approximately two-fold more TER1 was precipitated relative to TER2 (Fig2-3B), 
although TER1 is approximately 19-fold more abundant than TER2 in this cell culture 
extract (Figure 2-3B). The preferential enrichment of TER2 over TER1 in the TERT IP 
suggests that TER2 could outcompete TER1 for TERT in vivo. 
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TER1 and TER2 assemble with different accessory proteins in vivo 
Given the marked differences in TERT affinity for the TER isoforms, we 
postulated that different proteins assemble with these RNAs in vivo.  A candidate 
approach was used to identify proteins that bind TER2 and TER2S. We failed to detect in 
vitro binding of Ku with TER1, however in vitro co-IP assays using T7-tagged 
Ku70/Ku80 revealed an interaction with TER2 (Figure 2-3C). A second potential 
binding partner for TER2 is POT1b, a paralog of the TER1-binding protein, POT1a 
(Shakirov et al, 2005).  POT1b displayed the opposite affinity of POT1a, binding TER2, 
but not TER1 (Figure 2-3C and D). Gel shift analysis confirmed the interaction between 
TER2 and POT1b and demonstrated its specificity (Figure 2-3D). In vitro filter binding 
and gel shift analysis also indicated that POT1b binds TER2S (data not shown). 
IP was conducted to evaluate TER-protein interactions in vivo using antibodies directed 
at POT1b, Ku70 and dyskerin (Cifutentes-Rojas, 2011) Quantitative RT-PCR was 
performed and the data were normalized to account for differences in IP efficiencies and 
primer usage. TER2 and TER2S, but not TER1 (Cifuentes-Rojas et al, 2011), were 
detected in the POT1b IP, consistent with the in vitro binding data (Figure 2-3B).  
Although TER2S is approximately four-fold less abundant than TER2 in the cell culture 
extract (Figure  2-3B), TER2S was enriched in the POT1b IP relative to TER2.  These 
results argue that POT1b associates with both TER2 and TER2S in vivo, with a 
preference for TER2S. As expected, neither TER2 nor TER2S were detected in an IP 
reaction with POT1a antibody (Figure 2-3B). 
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The Ku70 antibody precipitated TER2, but only a trace amount of TER2S and 
TER1. In addition, TER1 and TER2, but not TER2S, were found in the dyskerin IP 
(Figure 2-3B), a finding consistent with the elimination of a putative H/ACA box during 
3’ end cleavage of TER2.  Altogether, the IP data indicate that in vivo TER2 and TER2S 
assemble into RNP complexes distinct from TER1 RNP.  Specifically, TER2 associates 
with TERT, KU, POT1b and dyskerin, while TER2S accumulates in a subcomplex 
containing POT1b.  
DNA damage-induced repression of telomerase activity correlates with increased 
abundance of TER2  
Since a null mutation in TER2 does not affect telomere length homeostasis under 
standard growth conditions, we explored the possibility that TER2 is a regulatory 
molecule that modulates telomerase activity in response to genotoxic stress. We recently 
discovered that telomerase activity is inhibited in A. thaliana seedlings treated with the 
radiomimetic drug zeocin (Boltz et al, 2012). To further investigate how telomerase 
activity levels are affected by DNA damage, seven day-old seedlings were transferred to 
liquid culture containing 20 uM zeocin and Q-TRAP was performed at different time 
intervals beginning 30 minutes after transfer to drug. We verified that this regime 
elicited DDR by monitoring induction of BRCA1, previously shown to transcriptionally 
up-regulated in response to double-strand breaks (Boltz et al, 2012).  As expected, 
BRCA1 transcripts were elevated within 30 minutes in the drug, and peaked at 2 hours 
(Figure 2-4B). Further evidence that a DDR was activated came with propidium iodide 
staining of the root apical meristem.  Stem cell death was clearly evident within 24 hours 
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of drug treatment (Figure 2-4D). We found that within 30 minutes of zeocin treatment, a 
statistically significant decrease in telomerase activity was observed, with activity levels 
declining by ~50% relative to untreated samples (Figure 2-4A).  Telomerase activity was 
decreased to the same degree in all of the time points tested, out to 24 hours, indicating 
that the response of telomerase to genotoxic stress is sustained.  
We next asked if telomerase inhibition correlated with changes in the steady state 
level of TER using Q-RT PCR (Figure 2-4C).  TER1 levels were largely unaffected by 
zeocin treatment.  Similarly, no change in TERT mRNA was observed (Data not 
shown). In contrast, TER2 increased more than 5-fold after 1 hour of zeocin treatment, 
and became the predominant isoform of TER. Although TER2S levels rose slightly after 
30 minutes in zeocin, no further accumulation of this RNA occurred with longer 
treatment.  Thus, among the three TER isoforms, TER2 appears to be uniquely 
responsive to DNA damage. 
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DNA damage-induced repression of telomerase activity is dependent on TER2  
Given the correlation between TER2 abundance and telomerase repression, we 
asked if DNA damage-induced telomerase inhibition is dependent upon TER2.  To 
explore this possibility, we first measured the response of 7 day-old ter2-1 seedlings to 
genotoxic stress by monitoring DDR transcript levels and the viability of the root apical 
meristem at different time points following zeocin treatment.  Plants null for TER2 
showed a similar transcriptional to zeocin as wild type plants (Figure 2-4B)  
In contrast to wild type, ter2 seedlings did not display a reduction in telomerase 
activity following DNA damage. Q-TRAP showed no statistical difference in enzyme 
activity in ter2 mutants treated with zeocin for 30 minutes or 1 hour relative to untreated 
ter2 controls (Figure 2-4A). In contrast, after 2 hours in zeocin, telomerase activity was 
significantly elevated in ter2 seedlings compared to untreated controls. By 24 hours in 
zeocin, telomerase activity levels were reduced in both ter2 and wild type seedlings, 
which at this point may reflect massive stem cell death associated with prolonged 
genotoxic stress. Altogether, these data argue that TER2 functions as a component of the 
DDR responsible for modulating telomerase activity in response to genotoxic stress.    
 
Discussion 
Gene duplication is a major driving force for genomic diversity. Within the realm 
of telomere biology, core components of the vertebrate shelterin complex, TRF1/TRF2 
and POT1a/POT1b, exemplify how gene duplication and neo-functionalization shape the 
interactions and regulation of chromosome ends (Price et al, 2010). Critical components 
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of telomerase have also been subjected to duplication and diversification. The ciliated 
protozoan Euplotes crassus harbors three divergent TERT genes that are expressed at 
different life cycle stages, prompting a profound switch in telomerase behavior 
(Karamysheva et al, 2003). Specifically, RNPs containing the TERT-1 and TERT-3 
isoforms accumulate during vegetative growth when telomerase engages telomeric DNA 
to maintain telomeres.  In contrast, the TERT-2 isoform is present only during the sexual 
stage of the life cycle when programmed DNTF occurs on thousands of nascent mini-
chromosomes.  Remarkably, the gene encoding TERT-2 is degraded at the end of 
macronuclear development, presumably to prevent DNTF during subsequent vegetative 
growth.  Here we describe another instance of neo-functionalization of a core telomerase 
subunit in which TER duplication is linked to a novel regulatory pathway that restrains 
telomerase activity in response to DNA damage.  
TER2 processing gives rise to a third TER isoform 
The three TER isoforms uncovered in A. thaliana are unprecedented; all other 
organisms studied to date harbor a single TER gene (Dandijinou et al, 2004; Leonardi et 
al, 2008; Chen and Greider, 2004). TER1 and TER2 are encoded by separate genetic loci 
(Cifuentes-Rojas et al, 2011), while TER2S is produced via splicing and 3’ end cleavage 
of TER2. Although a bona-fide splicing reaction has not been described for other TER 
moieties, cleavage of the 3’ end of Saccharomyces pombe TER1 is required for 
telomerase function (Box et al, 2008).  SpTER1 transcripts bearing a poly(A) tail can be 
detected in fission yeast (Leonardi et al, 2008), but the 3’ terminus of the RNA 
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associated with active telomerase is formed by “slicing”, a novel mechanism in which 
the spliceosome carries out only the first transesterification reaction  (Box et al, 2008).   
Unlike S. pombe TER, A. thaliana TER2 lacks canonical mRNA splicing signals, 
arguing that it is subjected to a different set of unconventional RNA processing 
reactions. Supporting this conclusion, over-expression of TER2 does not lead to a 
concomitant increase in TER2S, implying that factors necessary for TER2 processing, 
unlike the conventional spliceosome machinery, are limiting in vivo.  Further analysis of 
the RNA processing events that generate TER2S, including exploration of auto-catalysis, 
clearly warrant further investigation. 
TER2 interactions within the telomerase RNP 
 Our data argue that TER2 controls telomerase RNP function at multiple levels.  
First, TER2 may act as a competitive inhibitor for the telomerase catalytic subunit. 
TERT has a higher affinity for TER2 than for TER1 or TER2S in vitro, and preferentially 
assembles with TER2 in vivo.  Furthermore, over-expression of TER2 results in 
inhibition of TER1 mediated telomere-repeat incorporation, consistent with a reduction 
in the concentration of functional TER1 RNP  
Second, several lines of evidence indicate that the TER2 RNP does not 
productively engage the chromosome terminus, and thus could sequester TERT in an 
inactive complex.  Although reconstitution data indicated that TER2 and TERT can form 
an enzymatically active particle in vitro, the TERT-TER2 interaction is clearly 
biochemically distinct from TERT-TER1.  Enzymatically active telomerase particles can 
be detected only with very low concentrations of TER2 (1-10 pmol) versus an optimum 
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for TER1 of 100 pmol.  While the molecular explanation for this unusual concentration-
dependence is unknown, analysis of the TER2 processing reaction provides some clues.    
Preliminary data indicate that TER2 processing (splicing and 3’ end cleavage to 
generate TER2S) proceeds auto-catalytically in vitro (Cifuentes-Rojas, A. Hernandez, H. 
Zu and D. Shippen, unpublished data).  Notably, the TER2S product is generated only at 
very low concentrations of TER2 RNA (.0001 pmol).  Thus, the enzymatically activity 
generated with TER2 RNA may instead reflect the formation of TERT-TER2S particles, 
not TERT-TER2. Similarly, although we could observed synthesis of RSA-type repeats 
in protein extracts from 35S::TER2 transformants, it is not known whether these 
products were synthesized from TER2 or TER2s.  What is clear, however, is that over-
expression does not drive efficient incorporation of telomere repeats onto chromosome 
ends from the TER2 template, arguing that TER2 and its processed form TER2S are 
defective for telomere maintenance in vivo.  We postulate that for TER2, the presence of 
a large 529 nt intervening sequence may preclude it from forming an active catalytic 
core with TERT.   In the case of TER2s, this minimal TER may simply lack the binding 
site for a bridging factor akin to Est1 from budding yeast (Evans and Lundblad, 2002) to 
properly position the enzyme at the telomere. Because we detect a low level of 
TER2/TER2s-mediated telomere repeat incorporation, it is possible that these RNP 
complexes engage the telomere, but in a non-productive mode (see below).   
TER2 and the DDR 
If TER2 cannot function in telomere length regulation, why did Arabidopsis 
retain this RNA and assemble it into an elaborate alternative RNP with protein subunits 
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distinct from its canonical telomerase enzyme?  We hypothesize that the role of TER2 is 
to facilitate error-free DNA repair by down-regulating telomerase activity in response to 
DNA damage. Telomerase activity is repressed upon the introduction of double-strand 
breaks or replicative stress, which can ultimately lead to chromosome breaks.  In this 
setting telomerase inhibition would promote genome integrity by reducing the 
probability of DNTF at sites of DNA damage. Conversely, telomerase activity is not 
diminished in the face of telomere deprotection, even though a potent DDR is activated. 
Indeed, robust telomerase activity would be advantageous as it could delay the onset of 
catastrophic telomere failure.  The fate of telomerase may therefore hinge on the 
chromosomal context in which DDR is triggered. 
The steady state level of TER2, but not TER1, TER2 or other mRNAs encoding 
telomerase-associated proteins, rapidly increases in response to DNA damage. TER2 
peaks within one hour of zeocin treatment, concomitant with transcriptional activation of 
the major DDR marker BRCA1. While the underlying mechanism for the increase in 
TER2 is unknown, it becomes the major TER isoform.  Intriguingly, TER2s does not 
increase in parallel to TER2, arguing that TER2 processing or stability is affected by 
genotoxic stress.  Most importantly, DDR-induced telomerase inhibition is abrogated in 
plants lacking TER2. How does TER2 trigger DDR-induced telomerase inhibition?  The 
rapid kinetics of telomerase repression are inconsistent with an exchange of TER1 for 
TER2 in RNP complexes, although this possibility has not been yet tested.  The data are 
more consistent with the intriguing possibility that TER2 acts as an intermediary within 
the DDR.  
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Kedde et al reported a correlation between human TER and the DNA damage 
response (Kedde et al, 2006). The authors show that hTR, but not hTERT is upregulated 
in response to UV radiation.  Moreover, hTR abundance is inversely correlated with the 
activity of the checkpoint kinase ATR.  Unlike the very rapid rise in Arabidopsis TER2 
levels, however, induction of hTR takes place over the course of several hours, 
suggesting that increased hTR correlates with resumption of the cell cycle following 
DNA repair, rather than an early event in DDR. 
There is mounting evidence in plants and in vertebrates that non-coding RNAs 
play pivotal roles in genome defense (Hung et al. 2011).  The expression, processing and 
maturation of a variety of miRNAs is altered in response to double-strand breaks in 
humans (Hu and Gatti, 2011).  Some miRNAs suppress H2AX (Lal et al, 2009), ATM 
(Hu et al, 2010a) and p53 (Hu et al, 2010b; Le et al, 2009), while other others modulate 
cell cycle progression as part of the DDR (Ivanovska et al, 2008; Wang et al, 2009; 
Hung et al, 2011). Also induced by DNA damage are long non-coding RNAs such as 
PANDA, which is implicated in the control of apoptotic gene expression (Hung et al, 
2011). Recent exciting studies in Arabidopsis demonstrate a critical role for siRNAs in 
the recognition and repair of double-strand breaks (Wei et al, 2012). 
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With its crucial role in stabilizing chromosome termini, telomerase is a likely 
target for regulation by a DDR-induced non-coding RNA. TER2 falls into the category 
of long intergenic non-coding RNAs (lincRNA). Typically, lincRNAs act in trans to 
control gene expression through the recruitment of chromatin remodeling complexes 
(reviewed in Mercer et al, 2009). Therefore, it is conceivable that TER2 acts as recruiter 
for telomerase RNP components to the telomere. For example, the interaction of TER2 
with POT1b, a molecule previously implicated in promoting telomere integrity 
(Shakirov et al, 2005), may belie a role for TER2 RNP in stabilizing natural 
chromosome ends.  Similarly, TER2 may promote Ku-mediated inhibition of telomere 
elongation (Riha et al, 2003). Finally, Ku could bring the TER2 RNP to sites of DNA 
damage, thereby blocking access of TER1 RNP and reducing the probability of 
inappropriate telomere formation.  
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CHAPTER III 
EVOLUTION OF THE TELOMERASE RNA INTRON IN ARABIDOPSIS 
 
Summary 
 Telomeres consist of repetitive DNA-protein elements that are found at the ends 
of linear chromosomes. Telomeres are terminated by a ssDNA 3’ G-rich overhang 
termed the G-overhang. Telomere homeostasis is a carefully regulated process involving 
the engagement and extension of this G-overhang by a ribonucleoprotein comple called 
telomerase. At its core, telomerase consists of a reverse transcriptase, TERT, and an 
RNA subunit, TER. TERs are defined by their telomere template region, which TERT 
uses to encode for the reverse transcription of telomeres. Aside from their template 
region, TERs are long, non-coding RNAs that act as scaffolds for the recruitment of 
telomerase accessory factors. In Arabidopsis, a duplication event has resulted in two 
TERs, TER1 and TER2. TER1 and TER2 share a ~219nt region of high similarity that in 
TER2 is disrupted by a 529nt intervening sequence (IS). Intriguingly, this IS is removed 
in vivo and in vitro, resulting in a TER2 isoform termed TER2s. All three TER isoforms 
can encode for telomeres in vitro, but only TER1 is required for telomere homeostasis in 
vivo. Here, using genome data acquired from the 1,001 Arabidopsis genomes project, I 
determine that the IS within TER2 shares characteristics with the Class II DNA 
transposons. Unlike the rest of TER2, the IS is experiencing dramatic varation between 
the different Arabidopsis ecotypes, with three ecotypes lacking the IS completely. Thus, 
84 
 
telomerase inhibition by TER2 may not be the ancestral function, but arose from the 
incidental insertion of a transposable element. 
 
Introduction 
Telomeres are the tandem, G-rich repeats found at the ends of most eukaryotic 
chromosomes. Failure to maintain telomeres activates a cellular senescence program, or 
a case of mistaken identity, where telomeres are perceived as double-strand breaks, and 
subjected to inappropriate DNA repair activities. The telomerase reverse transcriptase 
continually synthesizes telomeric DNA in stem and germline cells to avert cellular 
senescence. Telomerase is a ribonucleoprotein complex minimally consisting of a 
catalytic subunit TERT, and a template bearing RNA subunit, TER. In vivo, these two 
components associate with numerous accessory factors that promote RNP biogenesis 
and engagement of the terminus (Cifuentes-Rojas and Shippen, 2012).  
Arabidopsis thaliana is unusual in that it contains three TER isoforms. TER1 is a 
canonical telomere repeat template necessary for telomere length maintenance 
(Cifuentes-Rojas et al, 2011). In contrast, TER2 is a novel negative regulator of 
telomerase activity (Chapter II). The two RNAs assemble into distinct RNP complexes 
in vivo with different protein composition. Negative regulation by TER2 appears to 
proceed in part by competitive inhibition in vitro. Unlike TER1, TER2 does not serve as 
a template for telomerase action at chromosome ends in vivo. In vitro binding studies 
show that TERT binds ~10-fold tighter to TER2 than to TER1, arguing that TER2 can 
outcompete TER1 for the catalytic subunit, and then sequester this component in a non-
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productive complex. TER2 is expressed at ~10-fold lower levels than TER1 under 
standard growth conditions. However, TER2 levels rise in response to DNA damage, so 
that TER2 becomes the predominant TER2 isoform (Chapter II). Concomitantly with 
increase of TER2, telomerase activity declines. Most importantly, telomerase inhibition 
in response to DNA damage is dependent on TER2, as a null mutant in TER2 abolishes 
DNA damage induced telomerase repression. Thus, TER2 is a novel non-coding RNA 
that modulates telomerase activity in response to DNA damage.  
TER2 contains two regions of high similarity to TER1 (conserved regions 1 and 
2; CR1 and CR2) that are separated by a 529nt intervening sequence (IS) which bears 
little similarity to TER1. TER2s is processed in vitro and in vivo to generate TER2s, a 
truncated RNA in which the IS is removed and the 3’ 36nt are removed. TERT has much 
lower affinity for TER2s (~15-fold), suggesting the IS and/or 3’ tail in TER2 is 
responsible for the tighter association with TERT (Chapter II). In vivo, preliminary 
evidence suggests that splicing and 3’ end cleavage may be regulated by the DNA 
damage response (Chapter II). Thus, processing of TER2 appears to play an important 
role in telomerase regulation.  
Canonical splice sites are absent from the IS. Instead, IS removal appears to 
proceed by a novel autocatalytic mechanism. In vitro, the IS is removed in a nucleotide-
independent manner reminiscent of Group II self-splicing introns (Hernandez A, 
Cifuentes-Rojas C, and Shippen D, unpublished data). However, Group II introns are 
much larger that the TER2 IS (430-670bp in plants) and often contain an ORF encoding 
for a reverse transcriptase (Zimmerly et al, 2001), which is absent of TER2 IS. Thus far, 
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Group II introns have only been associated with organelles in eukaryotes (Dai et al, 
2003). Finally, plant organellar Group II introns have largely lost their self-splicing 
capabilities, and their processing is dependent on nuclear-encoded maturases 
(Lambowitz and Zimmerly, 2004, Lambowitz and Zimmerly, 2011; Malek et al, 1997; 
Bonen L, 2008; Keren et al, 2009). The only known active ribozymes in the nuclear 
genome of plants are the hammerhead class, which promote RNA cleavage and not 
splicing (Przybilski et al, 2005). Thus, the TER2 IS has unique characteristics that do not 
fit with the class of canonical self-splicing introns.   
The TER2 IS in Arabidopsis thaliana col-0 ecotype has enabled TER2 to become 
a novel competitive inhibitor of telomerase (Chapter II). Here we take a systematics and 
molecular approach to explore the nature and ancestry of the TER2 IS. We make use of 
the wealth of information provided by the 1001 Arabidopsis genomes project to examine 
the conservation of the TER2 IS in 513 distinct ecotypes of A. thaliana. We show 
remarkable divergence within the TER2 IS, and provide evidence that the TER2 IS has 
similarities to a broader group of transposable elements found within multiple members 
of the Brassicaceae family.  
 
Materials and Methods 
Sequence acquisition and analysis 
Sequences corresponding to TER2 (Genbank accession number: HQ401285.1) 
were obtained using the genome browser at http://signal.salk.edu/atg1001. The search 
query AT5G24660 was used to pinpoint the region of interest, and all available tracks 
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(ecotypes) were selected. Two sequences were removed from our analysis. The ecotype 
Hov 3-2 was removed because it was the only ecotype with two deletions in the 5’ end, 
corresponding to 20 nucleotides from the 5’ start of TER2, and a 100nt deletion starting 
at nucleotide #101. The template region was not disturbed in this ecotype, possibly 
indicating a functional TER2 is generated. The Tottarp-2 ecotype was removed because 
the sequence corresponding to our search region did not contain a TER2. Importantly, it 
also did not contain a template region.  
Sequences were trimmed in MEGA5, and then analyzed using Geneious 
(Drummond et al, 2010). Sequence conservation and alignments were performed using 
Geneious. IS-like sequences were obtained by BLAST searches of the A. thaliana 
(www.arabidopsis.org), A. lyrata, Capsella rubella, Brassica rapa, and Thellungiella 
halophila genomes accessed via www.phytozome.net (Hu et al, 2011; JGI; Cheng et al, 
2011; Thellungiella halophila Genome Project 2011). 
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RNA extraction and QRT-PCR  
RNA was extracted from 10-day old Arabidopsis thaliana ecotype Col and Ler-0 
seedlings using the EZNA RNA extraction kit (OmegaBiotek) according to 
manufacturer’s guidelines. Reverse transcription was performed using the Superscript 
cDNA master mix (Quanta), according to the manufacturer’s instructions. To determine 
TER2s levels in both of these backgrounds, Q-PCR was performed on a Bio-Rad CFX-
1000 using the following primers: TER2s F1: 5’-TACGGCAACAGAACCAGAGA-3’; 
TER2s R1: 5’-CTCCGACGAGACGACCATAC-3’. GAPDH primers: . Data was 
analyzed using Bio-Rad’s CFX manager software. ∆∆CT values were obtained by 
comparing against GAPDH levels.  Primer efficiency was determined on a per-run basis 
using Linreg (Ramakers, et al, 2003). 
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Fig 3-1. Comparison of different regions of TER2 and TER1 in 511 A. thaliana ecotypes. (A) 
Schematic diagram showing conserved regions between TER1, TER2, and TER2s. TER1 and 
TER2 share a core region of ~219nt comprised of conserved regions 1 and 2 (CR1 and CR2). 
The telomere template is denoted by a vertical black bar in CR1. TER2s is formed by two 
processing steps: 1) a splicing reaction that removes the IS and 2) a cleavage reaction that 
eliminates the 3’ terminus (3’ R). (B) Analysis of TER1 conservation between 513 different A. 
thaliana ecotypes. Identity shown in green denotes regions 100% conserved throughout all 
ecotypes whereas mustard yellow indicates variation. Local sequence confidence (LSC) is in a 
log base 2. LSC of 2 indicates a nucleotide was observed 100% of the time at that location. A 
reduction in this factor indicates a certain percentage of deletions at this site (example shown 
by the red asterisk in (D)). A green bar for identity corresponds to a LSC of 2. Pairwise identity 
for each region is denoted in % above each RNA region or for the entire RNA to the right. The 
telomere template region corresponds to the horizontal black bar. (C) Enlargement of the 
template region from both TER1 and TER2. The number below TER1 (left) denotes mutation 
frequency (#/511) and the nucleotide that was found at that site.
(D) Analysis of TER2 across all 511 ecotypes. 
*
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Results 
TER2 conservation within Arabidopsis thaliana 
The TER1 and TER2 locus from Arabidopsis thaliana were obtained from 511 of 
513 available ecotypes (http://signal.salk.edu/atg1001), and then analyzed for variation 
against the Columbia ecotype. The template and 3’ end of TER1 are embedded within 
the 5’ UTR of a recently characterized Rad52 ortholog (Samach et al, 2011). TER1 is 
highly conserved among the different ecotypes, even the 5’ region of TER1 that lies 
upstream of Rad52. (Figure 3-1A, and Figure 3-1B) TER2 is comprised of four distinct 
regions: two short regions that show high conservation with TER1 (CR1 and CR2; 144 
and 67 nts, respectively), separated by a 529nt unique intervening sequence (IS), and 
terminated by a 36nt 3’ region (3’R) (Figure 3-1A). CR1 retains very high identity 
between the ecotypes (99.7%), whereas CR2 shows slightly less nucleotide conservation 
(97.6%). The template region within TER2 is found in CR1, and as expected, shows 
100% conservation between the different ecotypes (Figure 3-1C, right, and 3-1D).  
Intriguingly, the template region of TER1 showed variation in two positions 
(Figure 3-1C, left). The A-C transition occurred only twice and potentially could reflect 
sequencing errors. The T-A variation was observed in 27/511 ecotypes. Nucleotide 
changes at these positions affect fidelity of telomerase translocation and nucleotide 
addition. How these alterations within the TER templating domain affect telomerase 
activity in ecotypes other than Col-0 is unclear.  
The only other region of TER2 showing extremely high pairwise identity is the 
3’R (99.5%). This finding is unexpected since this region of the RNA is removed from 
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the final spliced TER2s product and lies within an intergenic region. For comparison, 
TER1 is 91.6% identical (99.8% pairwise identity) across the entire RNA (Figure 3-1B). 
This high level of conservation implies that CR1 and 3’R are essential for function. 
The intervening sequence within TER2 is not retained in all A. thaliana ecotypes 
Out of 511 ecotypes examined, 63/511 (12.25%) showed either complete or 
partial disruption of TER2 IS (Figure 3-2A). The complete absence of the IS was rare, 
accounting for only 3/63 examples (Figure 3-2A; ecotypes Ler-0, Baa, and No-0). To 
ensure that this locus is still active without the IS, we extracted RNA from both Ler-0 
and No-0 and performed QRT-PCR. A RNA corresponding to TER2s was present in 
equal levels compared to TER2s from the Col-0 background (Figure 3-2B). This 
suggests that transcriptional regulation and retention of TER2s is not altered in ecotypes 
without the IS. 
Within TER2 IS, there are two islands of ≥50% identity corresponding to 63nt IS 
conserved region 1 (IS-CR1), and a 123nt conserved region 2 (IS-CR2). Sequences 
flanking IS-CR2 (HV-1 and HV-2; Figure 3-2C) show hyper-variability within the 63 
ISD ecotypes. Even in ecotypes with high conservation in the IS, 11/408 showed 
variability in one particular tri-nucleotide rich region within HV-1. Despite high rates of 
IS disruption, these all of the ecotypes still retain high similarity within CR-1 and the 
3’R, underscoring the potential for biological significance in these regions.  
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We found that the 5’ and 3’ boundary elements (BE) of the IS (IS-BE) consist of 
inverted repeats (TGTTG/ACAAC). Strikingly, ecotypes with an imperfect match to the 
inverted repeat sequence within the 5’ IS-BE contained an IS disruption. Mutation or 
loss of the 5’ IS-BE most likely did not lead to IS disruption, as 41/63 ecotypes with an 
IS disruption retained the 5’ IS-BE (Figure 3-2C). Disruption of the 3’ IS-BE was more 
highly correlated with IS disruption, as only 19/63 of the ecotypes showed full 3’ IS-BE 
conservation.   
The 3’ end of CR-1 and 5’ end of CR-2 also share a repeat sequence (TCGTC) at 
both sites (Figure 3-2C). In contrast to the 5’ IS-BE, only 2/63 (5/511) show any 
nucleotide variation at this at this site. Aside from the 5’ and 3’ ends of TER2, this 
region contains the only absolutely conserved nucleotide.  The 5’ end of CR-2 is slightly 
less conserved, with 11/63 (13/511) ISD ecotypes showing any polymorphisms at this 
site (Figure 3-2A).  
Multiple copies of the IS are present in A. thaliana 
A BLAST using the TER2 IS as a query returned one full-length result on the left 
arm of chromosome 3 bearing 94.6% identity termed TER2 intervening sequence like 
(ISL-1, adjacent to At3G30120), and another hit on the right arm of chromosome 3 
showing only 63.4% identity to TER2 IS (ISL-2, adjacent to At3G50210) (Figure 3-3A 
and 3-3B). Comparing these two ISL regions between the different ecotypes revealed 
two small conserved regions, roughly corresponding to IS-CR1 and IS-CR2 of the TER2 
IS (Figure 3-3C; Figure 3-2A). ISL-1 and ISL-2 are found within intergenic regions and 
display a high number of single-nucleotide polymorphisms.  
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Fig 3-3. Three TER2 IS-like in A. thaliana. (A) Map of the five chromosomes in A. 
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The IS shares similarities to Class II DNA transposons 
As discussed above, analysis of the TER2 IS and the ISL elements within the 
different ecotypes reveals several highly conserved elements within the IS and in the 
sequences flanking them. One additional conserved sequence is a five nucleotide tandem 
inverted repeat (TIR) found at the 5’ and 3’ boundaries of both TER2-IS and ISL-1 
(Figure 3-4A and 3-4B). Target site duplications (TSDs) also flanked all three elements 
(Figure 3-4A-C). TSDs ranged in length from 5nt for TER2-IS and ISL-1 to 18nt for 
ISL-2. The TSD nucleotide sequence varied, suggesting that these insertions were not 
the result of gene duplication, but rather represented unique insertion events.  
The conserved boundary elements associated with TER2 IS and the ISL regions 
closely resemble Class II DNA transposable elements (TEs) (Reviewed in Feschotte et 
al, 2002). Class II TEs comprise ~8% of the A. thaliana genome and range in size from ~ 
100bp to several kb (Hu et al, 2011; Feschotte and Pritham, 2007; Jiang et al, 2003).  Of 
particular note are the miniature inverted-repeat transposable elements (MITEs). MITEs 
are typically short (100-600bp), do not contain ORFs encoding a DNA transposase, 
retain structural homogeneity within families, and show a preference for insertion near 
genes (Bureau et al, 1992; Feschotte et al, 2002; Zhang et al, 2000).  
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The IS is present in multiple species of the Brassicaceae lineage  
The A. thaliana genome is more compact (~125Mb) than its close relative 
Arabidopsis lyrata (207Mb) (Hu et al, 2011). In many organisms, including A. lyrata, 
TE abundance correlates with this increased genome size (Hu et al, 2011). 
Approximately 30% of the A. lyrata genome is comprised of TE, compared to ~24% in 
A. thaliana (Hu et al, 2011). Moreover, the genomic sequence devoted to TE has 
doubled in A. lyrata compared to A. thaliana (62:30Mb) (Hu et al, 2011). If the TER2 IS 
is associated with a TE, we predict it would be present more than three times in A. 
lyrata. Moreover, the ISL elements should be located in non-syntenic regions of the 
genome, corresponding to an expansion of the TE family. To test this prediction, we 
performed BLAST against sequenced genome databases from several members of the 
Brassicaceae phylogeny (Figure 3-5A). We first examined the A. lyrata genome, using 
the IS consensus sequence from A. thaliana. Hits were defined as returns longer than 
100bp, bearing 70% identity to a corresponding region with the query IS. BLAST 
returned 32 unique hits dispersed throughout the A. lyrata genome. Two of these hits 
were “full length,” retaining both the 5’ and 3’ 5nt TIR from A. thaliana (Figure 3-5B). 
Two others showed high similarity throughout the IS, but were lacked 90-130nt from the 
3’ end. A significant fraction (24/32) showed high similarity within the 5’ 200nt of the 
IS (Figure 3-5B), including 9 examples that retained the 5nt TIR from TER2-IS 
(TGTTG). Notably, the A. lyrata IS elements localized on 10 different scaffolds and 
tended to cluster in groups 2-3kb apart from one another. This observation supports the 
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idea of IS family expansion. The insertion site for the youngest (most conserved) IS 
from scaffold 8 did not reveal any conserved insertion site requirements.  
We also performed BLAST search against the ~250Mb Capsella rubella 
genome (Johnston et al, 2005). The split between the branches leading to Arabidopsis 
and Capsella likely occurred between 10-20mya (Figure 3-5A) (Beilstein et al, 2010). 
Therefore, C. rubella represents the next closest evolutionary relative to A. thaliana. 
Roughly 60% of the C. rubella genome has been constructed and made available.  Using 
the consensus sequence of the youngest (full length) IS in A. lyrata, we identified three 
IS-like sequences within C. rubella that matched our previous search criteria (Figure 6-
5B). These three IS-like regions, like their counterparts within A. lyrata, showed high 
similarity within the 5’ 200nt and were positioned on two different scaffolds. BLAST 
analysis of Brassica rapa failed to reveal a sequence hit. However, one ISL element was 
identified in the equally divergent Thellungiella halophila genome (both diverged 
~50mya) (Figure 3-5B and 3-5C). Analysis of Carica papaya, which diverged from A. 
thaliana ~100mya, failed to return any IS-like hits (Figure 3-5A). Altogether, these 
findings demonstrate that the TER2-IS shares similarity with transposable elements, 
specifically Class II TE, and further that this element is present throughout the 
Brassicaceae lineage. 
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Fig 3-5. The TER2-IS is present in other members of the Bracicaceae family. 
(A) Phylogenetic tree of Brassicaceae family members (including the 
Brassicales member Carica papaya) that were analyzed for the presence of 
the IS element. Approximate time of divergence was adapted from (Beilstein
et al, 2010). Red asterisk indicates the predicted last common ancestor to 
contain an IS element. Source of genome size estimates are listed in the 
text. (B) Alignment of the 32 potential IS-like sequences from A. lyrata. In this 
instance, local sequence conservation (LSC) (e.g. height of the colored line 
indicates regions of higher coverage (5’ end). Only 5 elements spanned the 
3’ end (low coverage), whereas 24 covered the 5’ end (high coverage). Thus, 
the 100% identity at the 3’ end could be artificial, due to low numbers. (C) 
Geneious global alignment of the AtTER2-IS and the Thellungiella halophila
potential IS-like element. Pairwise and nucleotide identity shown to the right. 
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Discussion 
As we enter the era of population genomics, it is becoming easier to survey gene 
variation within a species, and from this data determine regions necessary for function 
and regulation. Because telomerase RNAs show a high degree of sequence variation 
between species, we took advantage of the 1001 Arabidopsis genomes project to define 
regions within TER1 and TER2 that were most conserved, and presumably most 
important for function.  
TER1, the telomerase RNA subunit necessary for telomere maintenance in A. 
thaliana, was highly conserved in all of the ecotypes. Some of this conservation can be 
attributed to its position with the 5’ UTR of a gene encoding RAD52 (Samach et al, 
2011). TER1 conservation is not restricted to the protein coding region. The 5’ half of 
TER1, which is does not overlap with the RAD52 ORF, shows high levels of 
conservation. This observation is intriguing, since the 5’ UTR of putative Rad52 genes 
in the A. lyrata genome retain little similarity with TER1 and do not contain a template. 
Thus, TER1 is not present at the corresponding locus in A. lyrata.  
While high conservation was also associated with the TER2 locus in the analyzed 
ecotypes, it was limited to the two regions shared with TER1 (CR-1 and CR-2), and the 
3’ terminus, implying these regions are required for the function of TER2. In contrast, 
the TER2 IS, which conveys TER2’s inhibitory nature in Col-0, is remarkably divergent 
among different ecotypes. In three ecotypes the IS is completely absent from TER2. A 
phylogeny of the A. thaliana ecotypes suggest these three ecotypes (Baa, Ler-0, and No-
0) are too divergent from one another to represent an ancestral, pre-IS state. Instead, this 
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implies that they each lost the IS independently of one another. 
(http://signal.salk.edu/atg1001/index.php). Thus, unlike the rest of TER2, the TER2 IS is 
in a state of flux.  
Preliminary in vitro characterization of the self-splicing reaction of TER2 show 
that the 3’ end is necessary for processing. However, nothing is known about the 
requirements within the IS itself. The 3’ end of TER2 is completely conserved, yet the IS 
is highly variable in 63/511 ecotypes, raising the question of whether splicing occurs in 
ecotypes with large IS deletions. It is also unclear what effect IS variability has on 
inhibition of telomerase by TER2.  Answering these questions requires detailed 
biochemical probing of the IS. Nevertheless, the current data suggest that inhibition by 
TER2 is not necessary for fitness, but that the function performed by TER2s is critical. 
At least three copies of the TER2 IS are present in the A. thaliana genome. The 
TER2 IS shows the highest degree of variation of the three, possibly reflecting on the 
age of these elements, or a selective pressure to “inactivate” the IS within TER2. Among 
the three IS elements, we found regions conserved between them reminiscent of Class II 
DNA transposons, including tandem inverted repeats (TIRs) and target site duplications 
(TSDs). All three IS elements are found adjacent to predicted protein-encoding genes. In 
addition, these elements are found throughout the Brassicaceae lineage, expanding in 
number in A. lyrata. These attributes, plus the small size of the IS (443-529nt), suggest 
that the IS belongs to a novel class of miniature inverted transposable elements (MITEs).  
TER2 IS and the ISL elements are highly conserved, but few in number in A. 
thaliana, consistent with a young but passive family of TEs. Our data suggest that the 
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TER2 IS family has been much more active in A. lyrata, as it includes at least 32 
members, some with very high conservation throughout the entire length of the element. 
In addition, regions adjacent to full-length IS-like elements show several hundred bp of 
similarity, consistent with transduplication. Non-TE DNA is duplicated along with the 
TE (Le et al, 2000; Jiang et al, 2004; Hoen et al, 2006). Evidence for transduplication 
was observed multiple times in A. lyrata, with the longest non-TE tract of DNA 
corresponding to ~450bp. While further analysis is required to delineate the boundaries 
and age of the TER2 IS elements, our data indicate that these elements have novel 
characteristics. If the duplicated non-TE DNA we observed arose from a 
transduplication event, then the IS may have had some role in the duplication of the TER 
gene in A. thaliana. 
TEs frequently mobilize during periods of organismal stress, shuffling 
neighboring genes in the process (Mirouze and Paszkowski, 2011; Slotkin and 
Martienssen, 2007). In some situations, transposon shuffling is favorable. The multiple 
TEs that are adjacent to teosinte branched1 (tb1) gave rise to domesticated maize 
(Studer et al, 2011). Further analysis of TER2 IS may not only reveal insight into the 
dynamic nature of telomerase regulation, but also the resilience of all genomes to make 
use of potentially detrimental “junk DNA.”  
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CHAPTER IV 
ATPOT1B: A TELOMERASE ACCESSORY FACTOR AND CRITICAL 
CAPPING COMPONENT IN ARABIDOPSIS THALIANA 
 
Summary 
 Telomeres consist of tandem arrays of DNA repeats at the end of linear 
chromosomes that resemble double-strand breaks. Thus, it is tantamount that telomeres 
be constantly protected and sequestered away from DNA repair pathways. One of the 
conserved protein complexes that bind and protect telomeres from illegitimate activities 
is the six-membered complex shelterin. In the shelterin complex, one protein, POT1, 
binds directly to ssDNA. This binding, in conjunction with the rest of the shelterin 
complex, represses the DNA damage response pathways and regulates extension of the 
chromosome-end by the telomerase RNP complex. Therefore, telomere length 
maintenance and chromosome-end protection is a carefully regulated process. In the 
model plant Arabidopsis thaliana, multiple duplication events have give rise to three 
POT1 proteins. Previous characterization has determined that POT1a and POT1b are 
both components of distinct telomerase RNP complexes. POT1a binds to one of the 
three TERs in Arabidopsis, TER1, and is required for telomere homeostasis and robust 
telomerase activity. POT1b binds to TER2, the TER component of an inhibitory 
telomerase RNP complex. Here I characterize a mutant background lacking POT1b, and 
show that this line, pot1b-1, displays very few telomere defects, but shows increased 
telomerase activity, consistent with a role in telomerase regulation. Strikingly, crosses of 
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pot1b-1 and a TER2 mutant background, ter2-1, results in profound genome instability 
and physiological defects. Thus, preliminary evidence suggests POT1b and TER2 are 
part of a novel telomere capping complex. 
 
Introduction 
Telomeres and their protein constituent provide a protective cap on the 
chromosome end that prevents it from being recognized as a double strand break (DSB) 
and illiciting an inappropriate DNA damage response. Telomeres are comprised of 
tandem, G-rich repeats terminated by a short single-strand (ss) 3’ overhang, termed the 
G-overhang. Two major telomere protein complexes appear to define the chromosome 
terminus. The six-member shelterin complex was first identified in vertebrates, and is 
made up of two double-strand (ds) DNA binding proteins, TRF1 and TRF2, the TRF2 
interacting protein RAP1, a ssDNA binding heterodimer POT1/TPP1, and finally, TIN2, 
which acts as a bridge between the ds and ss regions. In budding yeast, the G-overhang 
binding heterotrimer Cdc13/Stn1/Ten1, also known as CST, associates with the 
chromosome terminus. In addition to protecting telomeres, Shelterin and CST facilitate 
telomere length maintenance. Telomeres act as a buffer against the end-replication 
problem, and must periodically be lengthened to replace DNA lost due to the properties 
of semi-conservative replication. 
Telomere length maintenance is a highly regulated process, centered on 
telomerase. Telomerase is ribonucleoprotein complex minimally comprised of a reverse 
transcriptase TERT and an RNA subunit called TER. TER provides a template for 
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synthesis of G-rich telomere repeats by TERT. In most organisms, TERT and TER are 
encoded by a single copy gene. However, in the flowering plant, Arabidopsis thaliana, 
two TER subunits are encoded, TER1 and TER2 (Cifuentes-Rojas et al, 2011). TER1 
functions as a canonical telomerase template and is required for telomere length 
maintenance. TER2, by contrast, is a novel negative regulator of telomerase activity that 
appears to out-compete TER1 for TERT, and then sequester the catalytic subunit in a 
non-productive complex (Cifuentes-Rojas et al, 2011; Chapter II). Notably, TER2 is 
further processed in vivo into a third TER isoform, TER2s. TER2s is produced by 
removal of a 529nt intervening sequence between the two conserved regions, R1 and R2, 
and the cleavage of 36nt from the TER2 3’ end. The final 219nt TER2s shows 85% 
identity to the corresponding region of TER1. 
 While all three TER isoforms reconstitute telomerase activity in vitro 
(Cifuentes-Rojas et al, 2011), they perform different functions in vivo. In flowers, where 
telomerase is highly active, TER1 and TER2s are present at almost equivalent levels. In 
contrast, TER2 is approximately 10-fold less abundant than either of the other TER 
isoforms in all tissues, including vegetative organs were telomerase is repressed. Over-
expression of TER2 in vivo leads to a shift in the ratio of TER2:TER2s, with TER2 
becoming the predominant isoform. Moreover, plants overexpressing TER2 exhibit 
reduced telomerase activity and progressive telomere shortening. Thus TER2 is a 
negative regulator of telomerase activity. TER2 levels are rapidly up-regulated in 
response to DNA damage, resulting in repression of telomerase activity (Chapter II). 
Moreover, DNA-damaged induced telomerase repression is dependent on TER2. 
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Therefore, TER2 is a novel DNA damage induced non-coding RNA that modulates 
telomerase activity. The function of TER2s is unknown. 
Aside from the core components TERT and TER, several accessory factors 
associate with telomerase and play roles in RNP biogenesis, enzymology, and 
engagement with the chromosome termini (Collins K, 2006). In budding yeast, Est1p 
facilitates telomerase recruitment through interactions with CST and the yeast TER, 
Tlc1. The interaction between Est1 and Cdc13 is necessary for telomerase to act on 
telomeres in late S-phase. However, telomerase can be detected at telomeres throughout 
the cell cycle in an Est1-independent manner. This recruitment is dependent on the non-
homologous end-joining factor Ku, which interacts with DNA, as well as Tlc1, although 
not simultaneously. In vertebrates, the mechanism of telomerase recruitment is 
unknown, although, the Shelterin components TPP1 and POT1 are implicated in this 
process (Tejera et al, 2010).  
The POT1 (Protection of Telomeres) family of proteins in partnership with 
TPP1, form an ancient and functionally conserved telomere-specific complex (Baumann 
and Cech, 2001). Functional orthologs of this heterodimer have been identified in many 
metazoan species, including fission yeast, ciliates, and vertebrates (Baumann and Cech, 
2001). The POT1/TPP1 heterodimer binds ss telomeric DNA, sequestering it from 
potential exonucleolytic activity and recognition by DNA damage sensing complexes 
found at telomeres. Loss of POT1 leads to telomere elongation and activation of a severe 
DNA damage response (Baumann and Price, 2010).  
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POT1 structural homologs have been identified in many species. Intriguingly, 
POT1 copy number and function varies. POT1 has been duplicated in several species, 
including mice, Tetrahymena, C. elegans, and many plant species. Duplication events 
provide the potential for species-specific variation or sub-functionalization in function. 
For example, the murine POT1 genes have undergone a duplication and subsequent 
subfunctionalization (Palm et al, 2009). MmPOT1a represses ATR activation and 
prevents NHEJ at newly replicated telomeres, whereas MmPOT1b regulates C-strand 
resection events (Kibe et al, 2010). Tetrahymena POT1 has also duplicated, but only 
POT1a is essential for telomere length maintenance (Jacob et al, 2007). C. elegans 
telomeres are protected by at least two POT1-like proteins that protect either G or C-rich 
overhangs (Raices et al, 2008). 
Many shelterin components, such as TPP1 and TIN2, are not found within plants. 
However, analysis of POT1 in the moss species Physcomitrella patens indicates that the 
telomere capping function of this protein family is conserved at the base of the plant 
lineage (Shakirov et al, 2010; Appendix A-2). A null mutation in P. patens POT1 results 
in severe developmental defects, shortened telomeres and increased G-overhangs. In 
both the monocot and dicot lineage, there is evidence for two independent POT1 
duplication events, one in the Poaceae family, and another in Brassicaceae, which 
includes the model organism Arabidopsis thaliana (Shakirov et al, 2009; Beilstein et al, 
in preparation).  
A. thaliana appears to be unusual among flowering plants in that it encodes three 
POT1 proteins, AtPOT1a, AtPOT1b and POT1c, but, like Physcomitrella and all other 
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plants, lacks an apparent TPP1 ortholog. Unlike the previously characterized POT1 
proteins, AtPOT1a is a critical telomerase accessory factor (Shakirov et al, 2005; 
Surovtseva et al, 2007; Cifuentes-Rojas et al, 2011) that shows specificity for TER1 both 
in vitro and in vivo. A null mutation in POT1a results in a 15-fold reduction of 
telomerase activity and progressive telomere shortening (Surovtseva et al, 2007). POT1a 
is enriched at telomeres during S-phase, and in vitro binds to two components of the 
CST complex, CTC1 and STN1. POT1a displays evidence of positive evolutionary 
selection driving its interaction with the CST complex (Beilstein et al, in prep). Thus, 
POT1a may play a role in telomerase recruitment, similar to Est1p in budding yeast 
(Surovtseva et al, 2007; 2009).  
Little is known about the role of AtPOT1b. Over-expression of the N-terminal 
portion of AtPOT1b, leads to rapid shortening of telomeres, chromosome fusions, and 
severe growth and developmental defects (Shakirov et al, 2005), consistent with an 
essential role for this protein in chromosome-end protection. Like AtPOT1a, AtPOT1b 
does not associate with telomeric DNA in vitro and instead binds to TER2 (Cifuentes-
Rojas et al, 2011; Chapter II). AtPOT1b assembles with Ku into a TER2 RNP complex 
in vivo that is distinct from the TER1 RNP (Cifuentes-Rojas et al, 2011). Notably, 
POT1b does not display marks of positive selection like POT1a. Rather, POT1b more 
closely resembles single copy POT1 proteins from plants (Beilstein et al, in prep). Thus, 
it has been unclear how POT1b contributes to telomere biology. Is it necessary for 
chromosome end protection or is involved in telomerase regulation? Here we report that 
AtPOT1b regulates the processing of TER2. In the absence of AtPOT1b, TER2 is lost 
109 
 
and abberant RNA processing intermediates accumulate. Furthermore, we show that 
AtPOT1b works in concert with TER2 to protect chromosome ends. These data suggest 
an intricate and evolving relationship between telomerase and the telomere cap. 
 
Materials and Methods 
Plant materials and Flag-Myc-POT1b construction 
 The pot1b-1(Ler-0) line was isolated from a gene trap collection (CSHL). To 
genotype the wild type locus, P2GT1F: 5'-AAACCCCAACGATCAGAGAC-3' and 
P2GT3R: 5'-AGACGAAGAGGTTGTTTCATTGCA-3' were used. The mutant locus 
was determined using P2GT3R and DS3-1: 5'-ACCCGACCGGATCGTATCGGT-3'. 
The ter2-1 lines have been described previously (Chapter II). pot1apot1b crosses were 
generated by crossing lines harboring the pot1a-1 (Surovtseva et al, 2007) and pot1b-1 
alleles. Plants were grown under standard conditions (16h-light/8h-dark). To obtain a 
Flag-Myc-POT1b transgenic line, full length POT1b cDNA was Gateway cloned into 
vector pB (kind gift of Z. Xiuren, TAMU) using LR clonase II plus (Invitrogen) and 
transformed into Agrobacterium tumefaciens strain GV3101. Transformation of pot1b-1 
and wild type plants was performed using the floral dip method. T1 transformants were 
selected on 0.5 MS media supplemented with 400mg/L glufosinate ammonium 
(BASTA, Crescent Chemical), genotyped, and analyzed by western blotting for 
transgene expression. 
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Q-TRAP, TRF analysis, In-gel G-overhang assay 
Q-TRAP and TRF analysis were performed as described previously (Kannan et al, 2008; 
Surovtseva et al, 2009). G-overhangs were monitored by the in-gel hybridization 
technique described previously (Surovtseva et al, 2009) with the following modification. 
After drying the gel, hybridization was performed in a hybridization oven in a glass tube 
instead of in a temperature controlled water bath. Phosphoimaging was performed using 
a Bio-Rad Pharos FX phosphoimager and analyzed using QuantityOne software. 
RNA extraction and cDNA synthesis for QRT-PCR 
RNA extraction for QRT-PCR was performed using EZNA RNA extraction kit 
(Omega Biotek) according to the manufacturer’s instructions. For reverse transcription, 
one microgram of RNA was added to the Quanta cDNA synthesis master mix, per their 
protocol. Quantitative PCR was performed with Bio-Rad’s Sso Advanced SYBR on a 
Bio-Rad CFX-1000 instrument. To distinguish between different isoforms of TER2, the 
following primers were used: (QRT-TER2S F1 and R1) 5’ tacggcaacagaaccagaga 3’ and 
5’ ctccgacgagacgaccatac 3’, (QRT-TER2 FL F and R) 5’ tttgtacggcaacagaacca 3’ and 5’ 
gcaggatcaatcggagagtt 3’. See figure 4-3A for nomenclature. RNA levels were analyzed 
using the LinReg software (Ruijter et al, 2009) and normalized to GAPDH and TIP41L.  
 
Results 
Plants deficient for POT1b do not display a chromosome end deprotection phenotype 
Because previous analysis of POT1b function involved over expression, which 
can lead to confounding dominant-negative effects, we sought to identify a null mutation 
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in POT1b. In the CSHL gene trap collection, there is an A. thaliana line with a T-DNA 
insertion within the second exon of POT1b, which we termed pot1b-1. RT-PCR failed to 
detect AtPOT1b transcripts in this line, indicating that it is a null mutant (Figure 4-1A, 
4-1B). In contrast to the growth defects associated with POT1b over expression lines, 
pot1b-1 mutants were indistinguishable from wild type, except for being slightly less 
robust in stature (Data not shown). Terminal restriction fragment (TRF) analysis showed 
no difference in bulk telomere length for the pot1b-1 and wild type (Figure 4-1C). 
Telomeres ranged from 2-5kb in the wild type and pot1b-1 setting. In contrast, G1 pot1a-
1 telomeres displayed a ~1kb loss and showed a banding pattern similar to tert mutants. 
We also failed to detect telomeric fusions using telomere fusion PCR or conventional 
cytological analysis of anaphase spreads. This result was not unexpected, given the wild 
type length of telomeres in this background. Loss of POT1 genes in other organisms 
typically results in deregulation of G-overhangs, leading to increased G-overhang signal. 
Therefore, we examined the status of G-overhangs in pot1b-1 by the native in-gel 
hybridization technique. We found that G-overhang signal was reduced by 
approximately 50% in the pot1b-1 setting compared to wild type, whereas G-overhang 
signal was slightly increased in pot1a mutants (Figure 4-1D). We conclude that removal 
of POT1b does not grossly destabilize the chromosome end, and further that AtPOT1b 
has a function distinct from AtPOT1a. 
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AtPOT1b negatively regulates telomerase activity 
Given that AtPOT1b interacts with TER2, we next asked whether telomerase 
activity levels were altered in pot1b-1 lines. Quantitative TRAP (Q-TRAP) was 
performed with extracts from flowers. Telomerase activity was increased by 3-4 fold, 
similar to what we observed with ter2-1 flowers (Figure 4-2A; Cifuentes-Rojas et al, in 
prep). Notably, extracts from pot1b-1 seedlings also showed an increase in telomerase 
activity, an effect that was not associated with ter2-1 mutants. To ensure that this effect 
was not due to variations between the Columbia (Col-0, ter2-1) and Landsberg (Ler-0, 
pot1b-1) ecotypes, activity was tested for in Ler-0 POT1b +/+. No difference in 
telomerase activity was observed between Col-0 and Ler-0 ecotypes (Figure 4-2A).  
 To ensure that the increase in telomerase activity in pot1b-1 mutants is indeed 
caused by a mutation in AtPOT1b, we performed genetic complementation with wild 
type AtPOT1b. pot1b-1 lines were transformed with an N-terminal 6xFlag-Myc POT1b 
construct under the control of the strong 35S cauliflower mosaic virus promoter (Figure 
4-2B). As expected, telomerase activity levels returned to wild type in the T1 
transformants, but not in untransformed siblings (Figure 4-2C). Therefore, we conclude 
that AtPOT1b contributes to the negative regulation of telomerase in A. thaliana.  
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AtPOT1a is a TER1 telomerase RNP component that is essential for proper 
telomere length maintenance in vivo (Surovtseva et al, 2007; Cifuentes-Rojas et al, 
2011). In addition to progressive telomere shortening, pot1a mutants display a dramatic 
decrease in telomerase activity (Surovtseva et al, 2007; Figure 4-2D). A genetic 
approach was taken to determine if POT1a and POT1b work in similar pathways to 
regulate telomerase activity. pot1a-1/pot1b-1 double mutants were generated and 
examined for telomerase activity. Strikingly, although telomeres in this background are 
shorter and thus resemble those of pot1a-1 single mutants (data not shown), telomerase 
activity was increased by 2-3 fold compared to wild type, similar to pot1b-1 single 
mutants (Figure 4-2D). Thus, POT1b affects telomerase activity in a different manner 
from POT1a. In addition, the increased telomerase activity in the pot1apot1b double 
mutants is not sufficient to rescue the telomere maintenance defect of pot1a. This 
supports the model that POT1a is needed to recruit telomerase to the chromosome end. 
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AtPOT1b is critical for proper stability and splicing of TER2 
One explanation for the overlap in phenotypes in ter2 and pot1b mutants is that 
AtPOT1b stabilizes TER2. To test this hypothesis, QRT-PCR was performed on RNA 
from wild-type and pot1b-1 flowers. Primers were designed to specifically amplify 
TER1, TER2, and TER2s, as well as putative TER2 processing intermediates (Figure 4-
3A). We recently discovered that the intervening sequence (IS) within TER2 is absent in 
the Ler-0 ecotype, which is the background of pot1b-1 (Chapter III). While the 
peculiarities of the IS are discussed in Chapter III, because the Ler-0 TER2 is similar in 
sequence and expression to TER2s from Col-0 it will be referred to as TERs. Due to this 
nuance of Arabidopsis variation, we focused on the role of AtPOT1b in TER2s 
processing and maintenance. 
In wild-type Col-0 and Ler-0 seedlings, TER1 and TER2s were present at 
equivalent levels (Figure 4-3B), as previously observed (Chapter II and III). TER2s in 
the Ler-0 ecotype displayed similar processing as TER2s in Col-0, resulting in a 219nt 
product lacking the 36nt 3’ region (Figure 4-3A, red box).  
Strikingly, a different result was obtained with pot1b-1 mutants. TER2s 
abundance was unchanged relative to both Ler-0 and Col-0 wild type backgrounds 
(Figure 4-3B). Using a forward primer aligned to the IS splice junction and a reverse 
primer aligning to the 3’ end (Figure 4-3 A, TER2S + 3’), a robust product was detected. 
This product was similar in abundance to the TER2s, suggesting that the 3’ terminus of 
TER2s was not cleaved (Figure 4-3B). Notably, the TER2s + 3’ product could not be 
amplified in either Col-0 or Ler-0 wild type backgrounds, suggesting this RNA 
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intermediate is specific to pot1b-1 (Figure 4-3B). These data indicate that AtPOT1b 
influences TER2 metabolism by promoting cleavage of the 3’ terminus of TER2 to 
generate TER2s.  
AtPOT1b and TER2 act synergistically to promote chromosome end-protection 
Telomerase activity is increased in both the ter2-1 and pot1b-1 mutants. To 
determine if AtPOT1b and TER2 work in the same genetic pathway, we generated plants 
doubly deficient for pot1b-1 and ter2-1. Genotyping of these lines has been difficult, but 
crosses between these two backgrounds result in severe morphological and growth 
defects consistent with profound telomere disfunction (Surovtseva et al, 2009; Song et 
al, 2008). The mutants harbored fasciated stems, irregular silique positioning, and 
continued to produce auxiliary shoots well past the point of senescence of wild type 
siblings (Figure 4-4A). In wild type, telomere tracts span 2-5kb, but in putative 
pot1bter2 mutants, telomeres are dramatically shorter, ranging from 3.5kb to less than 
1kb (Figure 4-4B). Because telomeres shorter than 1kb typically elicit a DNA damage 
response that results in fusions between offending chromosome ends, we performed 
Telomere Fusion PCR. Abundant telomere fusions were detected in these lines, similar 
to the ctc1 control (Figure 4-4C). Cytological analysis revealed abundant anaphase 
bridges, indicative of gross telomere deprotection (Figure 4-4D). In addition, the 
pot1b/ter2 background exhibited a ~2.5 fold increase in G-overhang signal, similar to 
ctc1 or stn1 mutant backgrounds. 
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Fig 4-4. POT1b and TER2 cooperate to protect telomeres in 
Arabidopsis thaliana. (A) Representative pictures of pot1b/ter2 
double mutants (a-b) displaying fasciated stems and  irregular 
silique morphology and placement (b). Second generation seeds 
displayed reduced germination efficiency (12-33%) and showed 
growth defects early in development (c-d). (B) Bulk telomere 
analysis by TRF of pot1b/ter2 double mutants and wild type siblings. 
Presence of either POT1b or TER2 is indicated above each lane. 
(C) Telomere fusion PCR (TF-PCR) on pot1b/ter2 double mutants 
and wild type siblings. TF-PCR was performed using subtelomeric
primers 3L and 4R. PCR products were also cloned and sequenced 
to confirm the presence of fusions. A ctc1 mutant was used as a 
positive control for the reaction. (D) Cytology of mitotic 
chromosomes in pot1b-2/ter2-1 (I-III) and wild type (IV). Examples 
of anaphase bridges are shown.
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Discussion 
AtPOT1b interacts with TER2 to form a negative regulatory telomerase complex in vivo 
Across Eukarya, POT1 proteins are critical for chromosome end-protection and 
suppression of the DNA damage response. Initial analysis of AtPOT1b over-expression 
mutants suggested that the ancestral capping function was conserved in A. thaliana 
(Shakirov et al, 2005). However, this model was challenged by the failure to detect 
telomeric DNA binding for AtPOT1b in vitro, and now here, as we show that a null 
mutation in pot1b-1 does not lead to a substantial telomere uncapping phenotype. We 
did note a modest decrease in G-overhang signal. Telomerase activity increased in plants 
lacking pot1b. Remarkably, the fold increase was similar to that observed in a ter2 
mutant. This may suggest that POT1b and TER2 regulate activity via similar 
mechanisms.  
Our data indicate that like AtPOT1a, AtPOT1b is involved in telomerase 
regulation. POT1a and POT1b are physical components of different telomerase RNPs in 
vivo (Cifuentes-Rojas et al, 2011). The TER1 RNP, currently known to consist of 
POT1a, Dyskerin, and TERT, is critical for telomere length maintenance. Removal of 
any of these components results in progressive telomere shortening (Surovtseva et al, 
2007; Kannan et al, 2008; Fitzgerald et al, 1999, Cifuentes-Rojas et al, 2011). Several 
accessory factors have been identified for the TER2 RNP, which is surprising given the 
minimal phenotype ascribed to lines lacking TER2 (Chapter II). TER2 associated factors 
include Dyskerin, Ku, ATR, and POT1b. This study and other work (Chapter II) has 
demonstrated a role for both POT1b and TER2 in negatively regulating telomerase 
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activity. In addition, TER2 levels are elevated in response to DNA damage, 
corresponding to a decrease in telomerase activity (Chapter II). However, decreased 
telomerase activity cannot be attributed to all TER2 RNP components. A null mutation 
within Ku70 does not alter activity levels in Arabidopsis (Nelson A, Shippen D, 
unpublished data). Therefore, the TER2 RNP may act as a scaffold for critical 
chromosome-end components.  
AtPOT1b interacts with TER2s to form a telomere capping complex 
In agreement with the model that TER2 is acting as a scaffold at the 
chromosome-end we found a severe telomere de-protection phenotype in ter2pot1b 
double mutants. The phenotype we observe is highly reminiscent to that seen in plants 
deficient for any of the members of the CST complex. Ter2pot1b mutants show reduced 
fertility, and offspring show decreased germination efficiency. One caveat to for these 
experiments is that the cross between pot1b and ter2 utilizes two ecotypes, Col-0 and 
Ler-0, that are genetically distinct. This is most obvious at the TER2 locuse, where Ler-0 
contains a TER2 missing the intervening sequence, whereas Col-0 retains the IS 
(Chapter III). The genotyping assay is more complex, and effort will be required to 
clarify the genetic status of these plants. However, the telomere phenotype is specific to 
a cross between these two particular backgrounds, and segregates in a Mendelian 
fashion.  
If the dramatic phenotype observed in the pot1bter2 background is indeed 
derived from mutations in these two genes, the data suggests that chromosome-end 
protection is in part mediated by a telomerase RNP complex. This is not without 
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precedent. Independent TERT or TER mutants in Candida albicans accumulate long G-
overhangs, consistent with extensive degradation (Hsu et al, 2007). Furthermore, in 
budding yeast, telomerase is present in a Ku-dependent manner in the G1 phase of the 
cell-cycle when telomeres are not being extended. Thus, telomerase association with the 
telomere may be important for functions outside of DNA replication.  
 All three POT1 proteins are part of a telomerase RNP complex. This would 
suggest a redundancy in POT1 proteins in the telomerase regulation. However, the lack 
of a telomere phenotype in the pot1b-1 background, but the dramatic phenotype 
observed in the pot1bter2 background suggests that there is redundancy at the 
chromosome end instead. However, the data presented here suggests that shelterin in the 
Brassicaceae lineage may contain an RNA component. A model for this is presented in 
Chapter VII. 
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CHAPTER V 
CHARACTERIZATION OF POT1C, A NOVEL MEMBER OF THE ATPOT1 
PROTEIN FAMILY WITH ROLES IN TELOMERASE REGULATION AND 
TELOMERE MAINTENANCE 
 
Summary 
Telomeres serve as protective barriers against degradation and end-to-end 
chromosome fusions. In most organisms, the single strand 3’ overhang found at 
telomeres is protected by telomere-specific OB-fold containing proteins. POT1c is a 
single OB-fold  containing protein derived from a recent partial gene duplication of 
AtPOT1a. Although POT1c retains extensive nucleotide identity to AtPOT1a, 
differential splicing gives rise to a protein with <50% amino acid similarity to AtPOT1a.  
Recombinant POT1c protein demonstrated weak, but non-specific DNA binding in vitro. 
Notably, specific interactions between POT1c and each of the AtTERs were observed. 
The function of POT1c in vivo was explored using RNA interference, which achieved 
~70% knockdown (KD). Quantitative RT-PCR and quantitative TRAP of KD plants 
revealed a ~60% reduction in TER2 levels and a 4-fold reduction in telomerase activity, 
respectively. These findings argue that POT1c regulates telomerase activity through its 
interaction with the TER2 RNP. In striking contrast to AtPOT1a and AtPOT1b null 
mutants, bulk telomeres in POT1c KD lines were dramatically shortened and highly 
heterogeneous in length.  Although no telomere fusions were observed, a G-overhang 
signal was undetectable in mutant plants. In addition, abundant extra chromosomal 
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telomeric circles were observed, consistent with recombinational deletion. We conclude 
that POT1c is an essential component of the telomere capping complex with an 
additional role in telomerase regulation. Our findings underscore the dramatic evolution 
of POT1 in the plant kingdom. 
 
Introduction 
The conversion from circular to linear chromosomes necessitated a means for 
replicating the chromosome termini and preventing these ends from being recognized as 
double strand breaks. This issue was resolved in most eukaryotes by the addition of 
tandem arrays of G-rich repeats via the telomerase reverse transcriptase. Telomerase is 
composed of a highly conserved catalytic subunit (TERT) and an integral RNA template 
(TER), as well as several accessory factors that are essential for proper maturation, 
activity, and localization of the RNP in vivo.  
In Arabidopsis, three TER isoforms have been identified, TER1, TER2, and a 
processed form of TER2, termed TER2s. These TERs form unique RNP complexes in 
vivo, and all three are capable of reconstituting telomerase activity in vitro. TER1 is 
responsible for the canonical telomere length maintenance role, whereas TER2 is 
responsible for inhibiting telomerase activity during DNA damage. No function has been 
ascribed to TER2s yet. 
Telomeres end in a 3’ G-rich single-strand overhang, termed the G-overhang. 
The G-overhang is critical for telomere extension, but if unprotected, is a prime substrate 
for an ATR-mediated DNA damage response (DDR). Consequently, the G-overhang is 
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carefully guarded by at least two different telomere capping complexes, shelterin, and 
CST (CTC1/Cdc13, STN1, TEN1) (Price et al, 2010). Shelterin is composed of six 
proteins (Palm and de Lange, 2008). TRF1 and TRF2 bind directly to double-strand 
DNA while RAP1 localizes to telomeric DNA through its interaction with TRF2. TIN2 
acts as a bridging component between the TRF/RAP1 components and the G-overhang 
binding heterodimer POT1/TPP1. In most species, POT1 shows high specificity towards 
ssDNA that is heightened by interactions with TPP1. Loss of POT1 and/or TPP1 is lethal 
in vertebrates, and results in increased G-overhang signals and activation of a DNA 
damage response.  
The heterotrimer CST complex, comprised of CTC1/Cdc13, Stn1, and Ten1, 
regulate telomere repeat addition by telomerase, and facilitate the replication of 
telomeres. In budding yeast, loss of CST components results in abnormally long G-
overhangs, elongated telomeres, and activation of a DNA damage response. In 
vertebrates, the CST complex does not play a major role in telomere length regulation, 
but is critical for proper G-overhang maintenance and replication of the telomere 
through interactions with DNA polymerase α primase. Arabidopsis mutants harboring 
null alleles for any of the CST components display short, deregulated telomeres, massive 
chromosomal fusions, increased G-overhangs, as well as growth and developmental 
defects consistent with perturbation of stem cell maintenance (Song et al, 2008; 
Surovtseva et al, 2009).  
Whereas CST in Arabidopsis seems to be well conserved with that found in 
vertebrates, shelterin has apparently undergone a complex evolutionary transformation. 
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TPP1, RAP1, and TIN2 sequence homologs cannot be discerned in any plant genome. In 
contrast, A. thaliana encodes 12 TRF-like proteins, of which six show specific telomeric 
DNA binding via a MYB-extension domain in their C-terminus (Karamysheva, 2004). 
The POT1 family of proteins has also undergone an expansion. In the Brassicaceae 
family, two duplication events have occurred, resulting in two full length POT1 proteins, 
POT1a and POT1b. A third, single OB fold protein, POT1c can be found in the A. 
thaliana genome. POT1 duplication events appear to have coincided with 
neofunctionalization, as both POT1a and POT1b are components of distinct telomerase 
RNP complexes. AtPOT1a binds to TER1 and is essential for telomere maintenance and 
robust telomerase enzymology. Similar to the telomerase accessory factor in yeast, 
Est1p, POT1a interacts with CTC1 and STN1 in vitro. POT1a association with telomeres 
peaks during S-phase, during which telomerase is thought to extend telomeres. In 
contrast, POT1b binds both TER2 and TER2s. POT1b negatively regulates telomerase 
activity, is necessary for proper TER2s maturation, and appears to be part of a telomere 
capping complex with TER2 (Chapter IV). Here we characterize the third member of the 
POT1 protein family in Arabidopsis, POT1c. We show that POT1c is a new member of 
the POT1 family that is confined to A. thaliana. POT1c, like POT1b, negatively 
regulates telomerase, and this function may be mediated through TER2 stabilization. 
Furthermore, in contrast to POT1a and POT1b mutants, plants deficient in POT1c 
display profoundly altered telomere architecture indicating that POT1c plays a crucial 
role in chromosome-end protection.  
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Materials and Methods 
POT1c knockdown, Genetic backgrounds used, Expression analysis, QRT-PCR, and 
Phylogenetic analysis 
~100bp constructs targeting the 5’UTR, Exon 1, Exon 2, and Exon 4 were cloned 
into the Gateway entry vector pDONR201 using BP clonase (Invitrogen). Clones were 
sequenced and transferred into the destination vector pB7WGIGW2 using LR clonase II 
(Invitrogen). These constructs were transformed into Agrobacterium tumefacians (strain 
GV3101) and subsequently transformed by the floral dip method into Arabidopsis 
thaliana ecotype col. Transformants were selected by growing on Murashige and Skoog 
basal medium supplemented with 20mg/liter of glufosinate ammonium (BASTA, 
Crescent Chemicals).. RNA was extracted from tissue for expression analysis using the 
EZNA RNA extraction kit according to manufacturer’s instructions (OmegaBiotek). 
cDNA was reverse-transcribed by adding 1ug of RNA to 4ul qScript cDNA supermix in 
a 20ul reaction (Quanta Biosciences). 4ul of a 1:50 dilution of cDNA was added to a 
reaction containing 300nM of each primer and 10ul of Sso-Advanced SYBR QPCR 
supermix (Bio-Rad). POT1 transcript levels were tested by QRT-PCR. Fold change was 
calculated using the ∆∆CT, using GAPDH and TIP41L as internal controls. Primers for 
these genes, as well as POT1a/b/c, are listed in Supplemental table 1. Phylogenetic  
analysis of the POT1 proteins. 
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TRF, PETRA, G-overhang analysis, T-Fusion PCR, Extra Chromosomal Telomere 
Circle assay 
Bulk telomere analysis, PETRA, Native in-gel hybridization, Telomere-Fusion 
PCR, and ECTA were performed as described previously. DNA for these assays was 
extracted from total plant tissue using the CTAB method.  
 
Results 
Arabidopsis thaliana harbors a third POT1-like protein with a single OB fold  
During the initial BLAST of the A. thaliana genome for POT1-like proteins, two 
full-length OB-fold encoding genes were identified, dubbed AtPOT1a and AtPOT1b. In 
addition, a truncated gene was detected approximately 350 kilobases upstream of 
AtPOT1a, designated POT1c. Genome sequence analysis revealed that the POT1a and 
POT1b duplication extends to the base of the Brassicaceae lineage (Beilstein et al, 2012, 
Figure 1A). In contrast, although POT1c is present in all A. thaliana ecotypes sequenced 
thus far, it is not present in A. lyrata, placing the age of the POT1c duplication at 
~10mya (Beilstein et al, 2010, Cao et al, 2011), (Figure 5-1A). BLAST analysis of the 
sequences flanking AtPOT1a and POT1c showed that the 3kb region around POT1c 
originated from the tandem duplication and inversion of two genes, At2g04395 and 
At2g04390, from their counterparts At2g05210 and At2g05220. This incomplete 
duplication removed 1100bp from the 3’ end of the new POT1c gene, leaving a region 
that retains 90% nucleotide identity, with most of the dissimilarity (7%) arising from 
gaps, and not substitutions. Alternative splicing of POT1c produces two isoforms of 
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POT1c, one previously annotated at 158aa, and a longer, more prevalent variant of 225 
amino acid protein with <50% identity to AtPOT1a (Figure 5-1B, C).  POT1c protein is 
predicted to form a single oligosaccharide/oligonucleotide DNA binding domain (OB-
fold, Jpred3 secondary structure prediction; Cole et al, 2008). Typical of other POT1 
proteins, AtPOT1a and AtPOT1b contain two OB-folds and a short C-terminal region 
(Figure 5-1B). The single OB-fold of POT1c is a combination of the first half of the 
OB1 domain and the second half of the OB2 domain from AtPOT1a, resulting in a 
chimeric OB-fold (Figure 5-1B, C). Indeed, aside from two gaps of ~100 and 10 amino 
acids, only 10 residues are different between POT1a and POT1c. Comparison of the 
POT1c locus between the 511 currently available Arabidopsis genome sequences reveals 
that 4/10 amino acids in the Col-0 ecotype vary in other A. thaliana ecotypes. (Figure 5-
1C, red asterisks). Notably, two of the residues within AtPOT1a found to be under 
positive selective pressure are conserved in POT1c (Figure 5-1C, black asterisks).  
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A B
Fig 5-1. AtPOT1c is a recent duplication of AtPOT1a. (A) Phylogenetic tree of 
the POT1 proteinfamily within the Rosid clade showing the relationship 
between POT1c and the rest of the POT1 family (highlighted). Likelihood tree 
was produced using the WAG model of amino acid transitions. (B) Domain 
organization within POT1c, based on predicted secondary structure. 
Secondary structure prediction was performed using Jpred3. (C) Alignment of 
AtPOT1a (red) and AtPOT1c (blue). Residues showing variation within the 
population of A. thaliana ecotypes for AtPOT1c are indicated by red asterisk. 
These residues all showed variation between consensus sequence and the 
corresponding AtPOT1a sequence. All other AtPOT1c variations were 
completely conserved between ecotypes. Residues within AtPOT1a under 
positive selection are indicated by black asterisks.
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Fig 5-2. AtPOT1c expression levels in Arabidosis thaliana. 
QRT-PCR was performed on n ≥5 independent samples. 
Normalization was performed against GAPDH. Values were 
corrected for primer efficiency using LinReg software. Error 
bars represent S.E.M.
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POT1c mRNA, similar to POT1a, is most highly expressed in flowers and cell 
culture, whereas RNA levels were reduced by ~60% in non-proliferating tissues (leaves 
and stems) and 80% in developing seedlings (Figure 5-2). On average, POT1c mRNA 
levels were 3-fold lower in all tissues relative to AtPOT1a. 
POT1c interacts with both TER1 and TER2 in vitro and in vivo 
Both AtPOT1a and AtPOT1b are telomerase components with specific affinities 
towards TER1 and TER2, respectively (Cifuentes-Rojas et al, 2011; Chapter II). To 
determine if POT1c also demonstrated RNA binding, an N-terminal 6xHis-MBP tagged 
POT1c (HMPOT1c) was expressed in E. coli and purified by nickel resin 
chromatography (Figure 5-3A). RNA-protein filter binding was performed to test the 
interaction between HMPOT1c and TER1 and TER2 (Figure 5-3B). Increasing amounts 
of HMPOT1c, ranging from 0.25ng to 2.5ug was incubated with either TER1, TER2, or 
the control P4P6 prior to filter binding. His-MBP, purified under similar conditions, was 
used as a negative, non-specific control (Figure 5-3B, right). Unexpectedly, based on the 
sequence similarity to POT1a, POT1c bound to both TER1 and TER2. This binding was 
confirmed in a different manner, co-expressing T7-tagged POT1c and the TERs in rabbit 
reticulocyte lysate (RRL). Immunoprecipitations were performed, followed by RNA 
extraction and RT-PCR. Just as in the filter binding assay, POT1c is capable of binding 
either TER in vitro (Figure 5-3C).   
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Fig 5-3. AtPOT1c binds both TER1 and TER2 telomerase RNAs. (A) 
Purification of recombinant His-MBP-POT1c using nickel resin. TP= total 
protein prior to lysis. L= cell lysate prior to purification. P= purified POT1c after 
elution from nickel resin. (B) Filter binding of POT1c with in vitro transcribed 
and 5’ end labeled RNA. Increasing concentrations of recombinant POT1c 
was added to either TER1, TER2, or negative control P4P6. (C) Co-IP of T7-
POT1c-bound TER1 and TER2. Proteins were co-expressed with the RNA in 
RRL. Pull downs were performed with αT7-conjugated beads. RNA was 
extracted, followed by RT-PCR using primers specific to either TER1 or TER2. 
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POT1c is a negative regulator of telomerase activity 
Lines deficient for POT1a show progressive telomere shortening and a decrease 
in telomerase activity (Surovtseva et al, 2007). Due to sequence similarity between 
POT1a and POT1c, and the ability of POT1c to bind both TER1 and TER2, we sought to 
determine if POT1c performed a similar function to POT1a in vivo. No null mutant is 
currently available for POT1c, so RNAi was performed to knockdown POT1c levels. 
Three different constructs were designed to target different regions of POT1c (Figure 5-
4A). Multiple transformations were performed to deliver each of these constructs into a 
wild type A. thaliana Col-0 background. RNA was extracted from flowers of T1 
transformants and tested by Q-PCR for decreased levels of POT1c (Figure 5-4B). Some 
non-specific knock down of POT1a was observed with construct-2 (38% reduction vs 
47% for POT1c). However, construct-1 was more specific, reducing levels of POT1c by 
~67%, while only reducing POT1a by ~14% (Figure 5-4B). Transformants harboring 
construct-3 served as a negative control for our experiments, as neither POT1a nor 
POT1c was knocked down in these lines.  
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Fig 5-4. Knockdown of POT1c. (A) Schematic representation of the POT1c 
locus. Boxes represent exons, with the first and last nucleotide of the exon 
marked above. RNAi constructs were designed to the three regions labeled. (B) 
Confirmation of POT1c knockdown by QRT-PCR. QRT-PCR was performed on 
three independent T1 lines each for the different RNAi constructs. RNA levels 
were normalized against GAPDH. Primer efficiency was corrected using 
LinReg. Error bars represent S.D. (C) Telomerase activity levels relative in 
POT1c RNAi lines relative to wild type (construct-3). Values for construct-1 and 
construct-2 were combined, as they showed a similar increase in telomerase 
activity. Thus, n=6 for POT1c RNAi, and n=5 for pot1a-2 null mutants.
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 We next examined telomerase activity in these knockdown lines by Quantitative 
TRAP. Total protein was extracted from flower tissue from T1 transformants containing 
the three RNAi constructs. Contrary to pot1a null mutants, which show a ~13-fold 
decrease in telomerase activity, plants harboring either construct-1 or construct-2 
showed an ~4-fold increase in activity compared to construct-3 (Figure 5-4C). These 
data suggest POT1c and POT1a are regulating telomerase activity differently. 
POT1c regulates telomerase activity by stabilizing TER2 
TER2 is a potent inhibitor of telomerase activity in vivo (Chapter II). TERT 
shows ~10-fold higher affinity for TER2 than TER1 (Chapter II). Due to this higher 
affinity, TER2 can sequester TERT into an inactive telomerase complex. This inhibition 
is most pronounced during rounds of DNA damage, where TER2 becomes the 
predominant TER isoform, and telomerase activity decreases (Chapter II). In agreement 
with an inhibitory role for TER2, ter2 deficient lines exhibit a ~3-fold increase in 
telomerase activity. Therefore, one possible mechanism by which POT1c could be 
regulating telomerase activity is through the stabilization of TER2. 
To determine if POT1c is stabilizing TER2 in vivo, QRT-PCR was performed on 
RNA from plants harboring the three different POT1c RNAi constructs. Levels of all 
three TER isoforms were tested from the different RNAi lines. Constructs 1 and 2, but 
not construct-3, showed a ~50% decrease in both TER2 and TER2s levels (Figure 5-5). 
Neither POT1c knockdown lines, nor pot1a-2 showed a significant decrease in TER1 
levels (Figure 5-5). Thus, even though POT1c is capable of interacting with both TER1 
and TER2 in vitro, it regulates telomerase activity in vivo through stabilizing TER2.  
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Fig 5-5. TER2 levels are decreased in POT1c RNAi lines. 
QRT-PCR on the Arabidopsis TER isoforms from three 
different RNAi lines. RNA levels were normalized to 
GAPDH. Primer efficiency was corrected for using LinReg. 
P values were calculated using a two-tailed student’s T-test. 
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POT1c RNAi lines reveal a role in chromosome end-protection 
Both POT1a and POT1b mutants display defects in telomere length maintenance 
(Surovtseva et al, 2007; Shakirov et al, 2005). To determine if knockdown of POT1c 
perturbs telomeres in Arabidopsis, bulk telomere length was monitored by terminal 
fragment length analysis (TRF) (Figure 5-6A). Surprisingly, telomeres from the RNAi 
construct-1 lines were on average 1500bp shorter than the wild type controls (Construct-
3) (Figure 5-6A, left). In addition, telomeres were highly heterogeneous, suggestive of 
the nucleolytic processing seen in plants missing the Arabidopsis CST component CTC1 
(Surovtsova et al, 2009). In addition, lines that showed reduced levels of both POT1c 
and POT1a show a synergistic decrease in telomere length reminiscent of 3
rd
 or 4
th
 
generation pot1a-2 mutants (Figure 5-6A, right). Thus, POT1c and POT1a act via 
separate mechanisms to regulate telomere length.  
POT1c is crucial in G-overhang length regulation and prevention of ECTC 
 A possible explanation for the highly heterogeneous nature of telomeres in the 
POT1c RNAi lines is that these telomeres are no longer sufficiently capped. This would 
expose them to exonucleolytic degradation and potentially engage the DNA damage 
machinery, leading to chromosomal fusions. To test for uncapping of the telomeres, we 
first sought to determine the status of the G-overhang in both the RNAi-1 and RNAi-2 
KD lines. G-overhangs were analyzed using a native in-gel hybridization technique, 
using a radio-labeled probe complementary to the G-overhang (AAATCCC)3. 
Surprisingly, we were unable to detect a signal above background for the POT1c RNAi 
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lines even though a signal was acquired for wild type and RNAi construct-3 lines. These 
data suggest that POT1c is important for G-overhang maintenance. 
 Perturbation in the length of the G-overhang can lead to recognition of the 
chromosome end as a double strand break, resulting in cell-cycle inhibition and potential 
chromosome end-to-end fusions. Due to the short nature of Arabidopsis telomeres, and 
the unique subtelomeric sequences on 8 out of 10 chromosome arms allows for the 
detection of fusions by a sensitive PCR-based technique, Telomere-Fusion PCR (TF-
PCR). We analyzed the POT1c RNAi lines for telomere fusions by TF-PCR and 
traditional cytological means. However, we were unable to detect either fusions or 
evidence of anaphase bridges (data not shown).  
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Fig 5-6. Telomere length deregulation in POT1c RNAi lines. (A) Terminal Restriction 
Fragment length (TRF) analysis of bulk telomeres from POT1c RNAi lines. Control 
lines exhibiting no POT1c RNAi (construct-3) are shown to the left. Ladder is in 
kilobases. (B) Native in-gel hybridization of G-overhangs in POT1c RNAi lines. 
Loading between samples is standardized using the denatured gel containing the 
interstitial bands. Quantification was not performed due to the low signal for the RNAi
samples.
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 Since telomeres were short and heterogeneous in the RNAi lines, yet did not 
seem to be recruited into chromosome fusions, we sought an alternative explanation for 
the rapid decrease in telomere length in the POT1c RNAi lines. One explanation is 
telomere rapid deletion (TRD).  One hallmark of TRD in Arabidopsis is the formation of 
telomeric circles (t-circles, Zellinger et al, 2007). We examined the POT1c RNAi lines 
for t-circle formation using the Extra Chromosomal Telomere Circle Assay (ECTC). 
This assay utilizes a polymerase with strand displacement activity (phi29) that amplifies 
long stretches of linear DNA from a circular template. Southern blotting displays a high 
molecular weight band that migrates close to the top of the gel. Atku70 mutants have 
previously been analyzed by the ECTC assay, and act as a positive control for this assay 
(Figure 5-7). POT1c KD lines showed abundant ECTCs, albeit not as high as the Atku70 
control. The sole loss of POT1a or POT1b does not result in ECTCs, suggesting POT1c 
has a more direct role in preventing telomere recombination (Figure 5-7).  
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Fig 5-7. POT1c RNAi lines harbor t-circles. An extra chromosomal telomere 
circle assay (EC-TCA) was performed on POT1c RNAi lines, pot1a-2
(Surovtseva et al, 2007), pot1b-1 (Chapter IV), using wild type (WT, Col-0), 
RNAi construct-3 and ku70 as controls (Zellinger et al, 2007). + indicates 
the addition of the polymerase phi29 to the reaction. Phi29 activity on 
circular DNA generates high MW products that remains at the top of the gel. 
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Discussion 
POT1 duplication has led to an expansion in POT1 functions at telomeres 
Tandem gene duplicates are common throughout eukaryotic genomes (Freeling, 
2009). Gene retention is less common. Even though the lineage leading up to 
Arabidopsis has undergone at least two whole genome duplications (WGDs), less than 
27% of the Arabidopsis genome harbors duplicated genes (Blanc and Wolfe, 2004). 
While POT1 is single copy in many organisms, including the moss Physcomitrella, the 
data presented here indicate that POT1 was subjected to three independent duplication 
events in angiosperms. One of these occurred in grasses, as maize is reported to contain 
two POT1 proteins, one of which binds DNA (Shakirov et al, 2009). The second event 
originated from a WGD that can be traced to the base of the order Brassicales, resulting 
in two POT1 genes in the Brassicacea family (Beilstein et al, in prep). The last 
duplication event is specific to A. thaliana, resulting in a third POT1 gene present in all 
A. thaliana ecotypes. POT1 duplication is not confined to the plant kingdom.  C. elegans 
carries four single OB-fold POT1-like proteins, whereas mouse and tetrahymena both 
contain two functional POT1 proteins.  Thus, a redundancy in telomere specific OB-fold 
containing proteins is not detrimental to a genome per se.  
POT1c, like AtPOT1b, is a negative regulator of telomerase activity 
While it is still too early, evolutionarily speaking, to know if POT1c is 
undergoing neo or sub-functionalization, our data indicate POT1c is acting in concert, 
not with its parent, POT1a, but with the POT1a ortholog, POT1b. While POT1c can bind 
to both TER1 and TER2 in vitro, it regulates telomerase activity via the TER2 RNP in 
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vivo. This regulation is most likely through stabilization of TER2, as POT1c KD lines 
showed a marked decrease in TER2 and TER2s, but not TER1. It is not yet clear how 
POT1c stabilizes TER2. POT1c RNAi did not result in a noticeable shift in TER2 
isoforms to indicate processing was inhibited. Instead, overall TER2 levels declined. 
Thus is is currently unclear if POT1c is stabilizing both TER2 and TER2s, or only 
TER2.  
The current model for TER2 is that it inhibits telomerase due to the higher 
affinity TERT has for TER2 over TER1. TER2 levels are increased in response to DNA 
damage concomitantly with a decrease in telomerae activity. However, complete loss of 
TER2, POT1b, or knockdown of POT1c results in an increase in telomerase activity 
independent of a DNA damage response. The large number of molecules devoted to 
inhibiting telomerase suggests a complex need for telomerase regulation during normal 
telomere maintenance. 
POT1c is important for chromosome end-protection in Arabidopsis 
Single OB-fold proteins typically oligomerize, thus allowing broader substrate 
recognition and higher affinity (Theobald et al, 2003; Kerr et al, 2003). OB-fold 
containing proteins often use these domains in a modular fashion, with one OB-fold 
providing higher substrate affinity to another OB-fold. In the case of RPA, the OB-folds 
do not need to be contained within the same protein, but can lie within an entirely 
different subunit. Both of the G-overhang binding complexes in vertebrates, CST and 
POT1/TPP1, recognize DNA through multiple OB-folds. TPP1 enables POT1 to bind 
tighter to ss telomeric DNA, whereas telomere specific binding requires all three CST 
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components. Preliminary evidence indicate POT1c is capable of homo-oligomerizing in 
vitro, but the multimeric state of POT1c in vivo remains to be elucidated. 
Although POT1c consists of a single OB-fold, mutants display a broad array of 
severe defects associated with chromosome-end protection. This is in striking contrast to 
pot1a or pot1b backgrounds. Remarkably, the heterogeneous telomeres, minimal G-
overhang signal, and abundant T-circles associated with depletion of POT1c did not 
trigger telomere fusions. This suggests that other factors are still present to repress the 
DNA damage response. POT1c may not be sufficient by itself for chromosome-end 
protection, but instead is necessary for the recruitment or stabilization of a larger 
telomere capping complex. Similar to POT1a, POT1c interacts with CTC1 in vitro (Data 
not shown). Whether this interaction is physiologically significant is not clear.  One 
model would predict that POT1c stabilizes CST at telomeres outside of S-phase, and a 
transition to POT1a occurs to facilitate telomere extension by telomerase. Biochemical 
data to support this argument are lacking. However, the phenotype observed in POT1c 
knockdown lines hint at an evolutionarily conserved role in chromosome end-protection. 
A novel means of carrying on the family name 
Due to its similarity to POT1a, we originally predicted that POT1c would 
perform a similar function at telomeres in Arabidopsis. However, POT1c RNAi lines 
generated a telomere-phenotype not seen in pot1a-2. The question then arises of how 
POT1c has acquired this role, and what is its significance. The answer may lie with the 
CST complex, since there is evidence of a POT1c-CTC1 interaction most likely retained 
from the ancestral POT1a. Intriguingly, the phenotype from POT1c knockdown lines 
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closely mimics ctc1 mutants, with the exception of the lack of telomere fusions. Thus, 
the possibility remains for an alternative telomere capping complex in Arabidopsis 
thaliana containing a member of the POT1 family of proteins. 
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CHAPTER VI 
PARAMETERS AFFECTING TELOMERE-MEDIATED CHROMOSOMAL 
TRUNCATION IN ARABIDOPSIS THALIANA* 
 
Summary  
Conversion of a double-strand break (DSB) into a telomere is a dangerous, 
potentially lethal event. However, little is known about the mechanism and control of de 
novo telomere formation (DNTF). DNTF can be instigated by the insertion of a telomere 
repeat array (TRA) into the host genome, which seeds the formation of a new telomere 
resulting in chromosome truncation. Such events are rare and concentrated at 
chromosome ends. Here we introduce tetraploid Arabidopsis thaliana as a robust genetic 
model for DNTF. Transformation of a 2.6kb TRA into 4X plants resulted in a DNTF 
efficiency of 56%, five-fold higher than in 2X plants and 50-fold higher than in human 
cells. DNTF events were recovered across the entire genome, indicating that genetic 
redundancy facilitates recovery of DNTF events. Although TRAs as short as 100bp 
seeded new telomeres, these tracts were unstable unless they were extended above a 1kb 
size threshold. Unexpectedly, DNTF efficiency increased in plants lacking telomerase, 
while DNTF rates were lower in plants null for Ku70 or Lig4, components of non- 
______ 
*Reprinted with permission from Nelson A.D.L., Lamb J.C., Kobrossly P.S., and Shippen D.E. 
2011. Parameters affecting telomere-mediated chromosomal truncation in Arabidopsis 
thaliana, Plant Cell 23, 2263-2272. Copyright © 2011 by The American Society of 
Plant Biologists.   
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homologous end-joining (NHEJ) repair pathway.We conclude that multiple competing 
pathways modulate DNTF, and that tetraploid Arabidopsis will be a powerful model for 
elucidating the molecular details of these processes. 
 
Introduction 
 The natural ends of chromosomes are distinguished from double-strand DNA 
breaks (DSBs) because they are packaged into telomeres, specialized nucleoprotein 
complexes assembled on a terminal array of short DNA repeats (TTTAGGG in 
Arabidopsis and most plants). The telomere repeat array (TRA) is mostly comprised of 
double-strand DNA, but terminates in a short G-rich single-strand 3’ protrusion termed 
the G-overhang (Verdun and Karlseder 2007). Telomere length is maintained in a 
dynamic range by opposing processes that shorten or extend the TRA (Shore and 
Bianchi 2009). Incomplete DNA replication, nucleolytic degradation and recombination 
events cause telomeres to shorten (Crabbe et al. 2004; Ferreira et al. 2004), while 
telomerase extends the TRA (Collins 2006). In vertebrates the TRA is protected by a six-
member protein complex termed shelterin (de Lange 2005), however in Arabidopsis and 
budding yeast, the predominant end protection complex is CST (Cdc13/CTC1, Stn1, and 
Ten1) (Bertuch and Lundblad 2006; Surovtseva et al. 2009). Loss of core telomere 
capping components is highly deleterious, triggering DNA damage checkpoints, 
chromosome end-joining reactions and widespread genome instability (Baumann and 
Cech 2001; Nugent et al. 1996; Puglisi et al. 2008; Surovtseva et al. 2009; van Steensel 
et al. 1998). 
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Chromosomal DSBs are typically resolved by non-homologous end-joining 
(NHEJ) and homologous recombination (HR). They can also be subjected to 
“chromosome healing” in which telomerase adds telomere repeats at the break site to 
establish a new telomere (Murnane 2010; Pennaneach et al. 2006). This latter process 
protects the nascent terminus from subsequent repair activities, but de novo telomere 
formation (DNTF) is perilous as it leads to deletion of the acentric distal chromosome 
fragment. Terminal deletions and DNTF are associated with several genetic disorders 
including α-thalassaemia and some forms of mental retardation (Flint et al. 1994; Wilkie 
et al. 1990) as well as cancer (Lee and Myung 2009).  
DNTF is best understood in Saccharomyces cerevisiae.  In this setting, DNTF 
requires the telomere capping protein Cdc13 and the telomerase-accessory factor Est1, 
which collaborate in the recruitment and/or activation of telomerase following resection 
of the 5’ end of the TRA by the MRX (Mre11/Rad50/Xrs2) nuclease (Diede and 
Gottschling 2001; Larrivee et al. 2004). In the absence of a TRA, telomerase is essential 
for the establishment of a new telomere (Pennaneach and Kolodner 2004).  However, if 
the break occurs adjacent to a TRA, telomerase is dispensable and DNTF relies on 
double-strand telomere binding proteins which presumably assist with the formation of a 
protective cap on the new telomere (Negrini et al. 2007). The KU70/80 heterodimer also 
plays an important, but enigmatic role in yeast DNTF.  Although Ku is an essential 
component of the NHEJ DSB repair pathway, it is also required to protect telomeres 
from end-joining reactions (DuBois et al. 2002). In addition, Ku binds the telomerase 
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RNA subunit, and this association is essential for DNTF at sites lacking a TRA 
(Stellwagen et al. 2003).  
DNTF has been studied in vertebrates (Bae and Baumann 2007; Barnett et al. 
1993; Hanish et al. 1994), but much less is known about the process. The DNTF assay 
involves transgenic introduction of a TRA, which results in chromosome truncation 
when the non-telomeric region of the construct integrates into an internal region of the 
chromosome and the TRA is recognized and established as a bona-fide telomere. DNTF 
is supported by a TRA as short as 250bp, and requires the vertebrate telomere repeat 
sequence (TTAGGG) (Hanish et al. 1994; Okabe et al. 2000). DNTF is promoted by a 
double-strand telomeric DNA binding component of shelterin component, TRF1. As in 
yeast, conversion of the TRA into a functional telomere does not require telomerase 
(Gao et al. 2008; Okabe et al. 2000). Finally, DNTF events are rare and are preferentially 
recovered near endogenous telomeres (Diede and Gottschling 1999; Fortin et al. 2009; 
Gao et al. 2008), presumably reflecting the aneuploidy associated with chromosome 
truncation.  
The ability of transgenic TRAs to acquire telomere function in plants was first 
demonstrated by Agrobacterium-mediated transformation of immature embryos from 
Zea mays (Yu et al. 2006). In subsequent work, maize chromosomes were truncated 
using TRAs to create plant minichromosomes (Yu et al. 2007). While the frequency of 
DNTF events was low, a whole arm truncation was recovered in a spontaneous 
tetraploid event (Yu et al. 2007). This finding suggests that a major barrier to studying 
DNTF could be overcome by genetically buffering chromosome truncation.   
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Synthetic Arabidopsis thaliana tetraploids have served as models for 
understanding the effects of ploidy on plant development for some 40 years (Santos et al. 
2003). Notably, large deletions that are lethal in the gametophytic generation of diploid 
Arabidopsis can be propagated in tetraploid (4X) plants (Vizir and Mulligan 1999). Here 
we introduce tetraploid Arabidopsis as a robust new model for DNTF.  We observe a 
remarkably high rate of telomere truncation events, occurring throughout the entire 
Arabidopsis genome. In addition to testing the effects of cis-acting sequence 
requirements for DNTF, we exploit the genetic tractability of Arabidopsis to explore the 
contribution of telomerase and NHEJ components on DNTF.  Unexpectedly, we find 
that although telomerase is required to sustain new telomeres over the long-term, it is 
inhibitory to DNTF. In contrast, both Ku and LIG4 are essential for efficient DNTF. 
These findings argue that multiple competing pathways influence the formation of new 
telomeres in higher plants.  
 
Materials and Methods 
Arabidopsis lines, tetraploidization, and transformation  
The lig4, tert, and ku70 T-DNA insertion lines have been previously described 
(Heacock et al. 2007; Riha et al. 2001; Riha et al. 2002). 4X mutant lines were generated 
by application of 2 microliters of a 0.1% colchicine solution to the apical meristem of 7-
14d seedlings (second generation homozygous (G2) for the various T-DNA insertion). 
Seeds were collected from large flowers. Cytological confirmation of tetraploidy was 
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performed by counting chromomeres of DAPI stained nuclei (Yu et al. 2006). G3 (4X) 
plants were then transformed by the floral dip method (Zhang et al. 2006).  
Plasmid construction  
The 2.6kb, 950bp, 800bp, 700bp, 400bp, and 200bp TRA derivatives of pWY86  
were obtained by transforming pWY86 into Stbl2 cells (Invitrogen) and screening 
individual colonies by restriction digestion with EcoRI and BglII. A 100bp TRA, 950bp 
TRA, jumbled TRA, UAS, vertebrate TRA, and inverted TRA were constructed using a 
modified PCR reaction described in detail in SI and cloned into a Gateway entry vector. 
These constructs were then transferred to Agrobacterium destination vectors pBGW or 
pBWG by the LR clonase reaction (Karimi et al. 2002). 
TAIL-PCR  
To determine sites of T-DNA insertion or DNTF, TAIL-PCR was performed 
using both the mTAIL and hiTAIL methods (Liu and Chen 2007; Sessions et al. 2002). 
Primer sequences are shown in SI. TAIL-PCR products were cloned into the TOPO-TA 
2.1 vector and sequenced using the M13 forward primer (Invitrogen).  
PETRA and telomere fusion PCR 
PETRA and TF-PCR was performed as described in (Heacock et al. 2004) with 
the following modifications. The PETRA-T reaction was followed by multiple PETRA-
A reactions using the PETRA-A primer and either of two primers specific to pWY86: 
PWY86#1 and pWY86#3 or either of two primers specific to pBGW: PBGW#3 and 
PBGW#4 (See SI for primer sequences).  
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Results 
Efficient production and recovery of DNTF events in tetraploid Arabidopsis 
 To investigate whether tetraploid A. thaliana could serve as a model for DNTF, 
we generated tetraploids by treating the meristem of 7-14d seedlings with a 0.1% 
colchicine solution (Henry et al. 2005). Potential tetraploids were initially screened by 
examining flower size (Figure 6-1A), which increases with ploidy (Henry et al. 2005). 
Plants grown from seeds of enlarged flowers were then subjected to a cytological screen, 
which revealed the presence of approximately 18 chromomeres (Figure 6-1B) (Yu et al. 
2006).  While it was not possible to definitively determine chromosome number in this 
assay, the data are consistent with tetraploidy.  
A TRA-bearing construct previously used to seed DTNF in maize, pWY86 (Yu 
et al. 2006), was transformed into wild type diploid (2X) and tetraploid (4X) Arabidopsis 
(Col ecotype) (Figure 6-1C). For each construct approximately 100 transgenic lines 
containing pWY86 (in some cases from two independent transformation events) were 
selected for basta resistance and then screened for DNTF using a modification of the 
PCR assay, Primer Extension Telomere Rapid Amplification (PETRA) (Heacock et al. 
2004) (Figure 6-1C). In PETRA, the forward primer anneals to the G-overhang, a critical 
feature of a functional telomere, while the reverse primer binds a unique subtelomeric 
sequence. To detect DTNF, two PETRA reactions were performed with reverse primers 
that bind adjacent to each other 46bp (PWY86-1) or 350bp (PWY86-3) upstream of the 
TRA in the pWY86 construct (Figure 6-1C). Staggered products are generated when T-
DNA insertion leads to DNTF rather than integration at an internal site in the 
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chromosome (Figure 6-1C and Figure 6-2A). The endogenous telomere on the left arm 
of chromosome 3 (3L) was monitored as a control. 
 PETRA products were obtained from two independent transformation 
experiments using 4X wild type Arabidopsis (T1=35/60 (58%), T2=26/48 (54%)) 
(Figure 6-2D) for an average DNTF frequency of 56%. The congruence of these two 
data points and other results in duplicate transformation experiments (Table 6-1) 
demonstrated that the DNTF assay was reproducible. In contrast to results with 4X 
plants, only 10% of the transgenic events characterized in 2X plants led to DNTF 
(12/126).  The elevated incidence of DNTF in 4X plants did not reflect an increased 
frequency of T-DNA insertion.  Southern blot analysis using a probe against the BAR 
gene (see Figure 6-1C) showed the same number of T-DNA insertions in 2X and 4X 
transformants (Figure 6-3B).  
Consistent with telomerase action at or near the chromosome break site, PETRA 
products were heterogeneous in length (Figure 6-2A), resembling those generated from 
the endogenous 3L telomere (Figure 6-2B). Furthermore, the nascent telomeres acquired 
a G-overhang, as pre-treatment of the reaction with T4 DNA polymerase, which harbors 
3’-5’ exonuclease activity, blocked PETRA product synthesis (Figure 6-2C). Finally, 
Southern blot analysis of lines bearing potential truncation events confirmed DNTF (Fig 
6-3B).  
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Figure 6-2: Detection of DNTF events by PETRA.
(A) PETRA results for 4X wild type carrying a 2.6kb transgenic TRA. Two 
PETRA reactions with primers p1 or p3 (Fig. 1C) were performed for each plant 
transformed with pWY86.  Line 1 shows the expected staggered size products. 
Line 2 shows non-specific background bands. Molecular weight markers are 
indicated. (B) PETRA results for the endogenous 3L telomere from two 
transformants. (C) PETRA products are dependent on the presence of a 3’ 
overhang. PETRA was performed on transformants treated with T4 DNA 
polymerase (+ exo) for 30 min (top) or untreated (- exo; bottom). Results using 
either pWY86 primer (1) or a primer specific to the endogenous 3L telomere 
(e3L) are shown. (D) Comparison of DNTF efficiency in 2X versus 4X 
Arabidopsis. Efficiency was calculated by dividing the number of DNTF events 
by the total number of lines screened (n). *** indicates a statistically significant 
difference (p-value > 0.0001) in the DNTF rate compared to 4X wild type 
transformed with a 2.6kb TRA.
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Figure 6-3. DNTF detected by Southern blot analysis. 
(A) Detailed schematic diagram of PWY86 (top). Restriction sites for HindIII (H), SwaI (Sw), 
and SmaI (Sm) are shown along with nucleotide positions. Southern blot analysis of A. 
thaliana transformants (bottom). Results for 4X tert and 4X wild type plants transformed with 
the 2.6kb TRA using the probe indicated in the top diagram are shown. PETRA revealed 
DNTF in Wt-3, Wt-4, tert-1, tert-2, and tert-3 transformants, but not in Wt-1 or Wt-2. 
Hybridization products from DNA digested with HindIII are expected to be ~500bp smaller 
than SwaI products and 1.5kb smaller than SmaI products. Molecular weight markers are in 
kilobase pairs. (B) Southern blot analysis of 2X and 4X wild type lines carrying the 2.6kb 
transgenic TRA. The blot was hybridized using a probe for the Basta resistance gene (BAR). 
L (loading) shows EtBr stained gels prior to transfer. 
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Telomeres in A. thaliana (Col ecotype) typically span 2-5kb (Shakirov and 
Shippen 2004). To investigate whether new telomeres were subjected to the same length  
regulation as endogenous telomeres, PETRA was performed in the next plant generation  
(Figure 6-4A). 4X wild type lines transformed with a 950bp TRA showed on average a 
650bp increase in telomere length upon DNTF (Table 6-2). These telomeres were 
elongated further in the next generation (T2) (Figure 6-4A and 6-4B). Telomeres 
generally increased in size, reaching up to 3.4kb in T2 (Figure 6-4B). Conversely, new 
telomeres established using a 2.6kb TRA seed, which falls within the wild type range of 
endogenous Arabidopsis telomeres, did not increase in length (Table 6-2). Thus, the de 
novo telomeres formed in 4X Arabidopsis mimic endogenous telomeres in their 
architecture and length regulation. 
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Figure 6-4. New telomeres function like native telomeres.
(A) Parent-progeny analysis of new telomeres. PETRA results 
are shown for first (T1) and second (T2) generation 4X wild type 
transformants carrying a 950bp TRA. P denotes parent (T1).  
Results for six progeny (T2) lines are shown. (B) Compilation of 
PETRA product lengths in T1 4X wild type parents and their T2 
progeny transformed with the 950bp TRA. Progeny from five 
parent lines were analyzed by PETRA. Six progeny were 
analyzed per parent.
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TRAs recovered 
 Initial TRA 
(bp) Range (bp) Avg. (bp)  
 2600 950-4100 2562 +/- 574 
 950 850-2925 1608 +/- 359 
 800 850-3200 1458 +/- 423 
 700 650-2950 1361 +/- 334 
 400 825-1912 1436 +/- 366 
 200 900-2900 1732 +/- 243 
 100 650-1900 1142 +/- 251 
 
     
Table 6-2. Length analysis of recovered TRAs
The size of recovered PETRA products in DNTF lines 
was determined for each length of TRA used in our 
analysis. 
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DNTF events occur at random sites in the Arabidopsis genome 
We mapped the sites of DNTF in 4X and 2X Arabidopsis using thermal 
asymmetric interlaced (TAIL) PCR (Sessions et al. 2002). We randomly selected ten 
diploid and thirty tetraploid DNTF lines, and obtained PCR products for 9/10 2X lines 
and 25/30 4X lines. In all the 2X lines, a new telomere formed close to the endogenous 
chromosome end (Figure 6-5, blue bars).  In contrast, the 25 chromosome truncation 
events mapped in 4X plants were widely distributed throughout the entire genome 
(Figure 6-5, grey bars), consistent with random integration of T-DNA (Kim et al. 2007). 
Strikingly, several DNTF events resulted in large deletions, including the loss of 20Mb 
from the right arm of chromosome 1 and a truncation event within the centromere-
flanking region of chromosome 4  (Figure 6-5, arrowheads) (Kumekawa et al. 2001). 
Whether this centromere truncation affects chromosome segregation is unknown. The 
elevated incidence of DNTF and recovery of large chromosomal deletions indicates that 
tetraploid Arabidopsis can be exploited as a robust model for DNTF. 
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Figure 6-5:  New telomeres form throughout the tetraploid
Arabidopsis genome. Insertion sites for DNTF events with the 
2.6kb TRA were determined for 2X and 4X wild type plants by 
TAIL-PCR. Insertions were mapped along the five non-
homologous chromosomes (2X, blue lines; 4X, black lines). Red 
arrowheads denote DNTF events resulting in a 20Mb deletion 
and a centromere-adjacent telomere truncation. Dark ovals 
represent centromeres. 
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Figure 6-6. DNTF efficiency is dependent on the sequence and length of the 
TRA. (A) Wild type tetraploid plants were transformed with arrays consisting of 
either Arabidopsis (TTTAGGG, 950 bp), Human (TTAGGG, 750bp), jumbled 
(TGGTTGAT, 500bp) or UAS (CGGAGGAGAGTCTTCCG, 600bp) repeat 
sequences cloned into the pBGW plasmid. The frequency of DNTF was 
determined by PETRA using primers targeting the pBGW plasmid backbone. 
(B) TRAs of various lengths were transformed into wild type plants and DNTF 
events were scored by PETRA. Efficiency was calculated as described in Fig. 
2D. *** indicates a p-value < 0.0001, ** < 0.001, * < 0.01.
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DNTF requires a properly oriented TRA comprised of 100 bp of TTTAGGG repeats 
We investigated the sequence requirements for DNTF. Orientation proved to be 
important, as 4X Arabidopsis plants transformed with a 900bp TRA in an inverted 
orientation failed to promote DNTF (Figure 6-6A).  Altering the repeat sequence was 
also detrimental (Figure 6-6). Only 1% (1/80) of plants transformed with a 500bp 
jumbled TRA (TTGATGG)n showed DNTF. Similarly, 600bp of the UAS repeat 
(CGGAGGAGAGTCTTCCG) did not produce any DNTF events. In addition, DNTF 
was detected in ~18% (15/80) of plants transformed with a 750bp TRA consisting of the 
vertebrate telomere repeat (TTAGGG)n, in contrast to 37% (37/100) in plants 
transformed with 700 bp of the Arabidopsis repeat (Figure 6-6A and Figure 6-6B).    
To establish an optimal TRA length for DNTF, derivatives of pWY86 with 
varying amounts of TTTAGGG repeats were transformed into 4X Arabidopsis (Figure 
6-6B).  Previous studies indicate that 1kb represents a critical length threshold for 
Arabidopsis telomeres (Heacock et al. 2004).  Below this size, telomeres begin to be 
recruited into end-joining reactions.  In tert mutants (which harbor a null mutation in the 
catalytic subunit of telomerase), the smallest TRA detected with an intact G-overhang is 
~300bp (Heacock et al. 2004). In 4X WT, even the smallest TRA we tested, 
corresponding to 100bp, initiated DNTF, albeit at a substantially reduced rate relative to 
a 900 or 950bp TRA (16% vs 54%, respectively) (Figure 6-6B) (Table 6-1). New 
telomeres recovered from plants bearing a 100bp TRA ranged from 650bp to 1.9kb 
(avg=1.1 kb) (Table 6-2), indicating that up to 1.8kb of telomere repeats were added to 
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the nascent terminus in a single plant generation. A similar trend was observed with 
other TRAs shorter than 1kb (Table 6-1).  
A small number of the plants transformed with the 100bp TRA contained new 
telomeres substantially shorter than 1kb (Figure 6-7A, lines 1 and 4). We suspected that 
such telomeres would be prone to end-joining reactions. Telomere Fusion PCR (TF-
PCR) (Heacock et al. 2004) was performed using primers to test for sister chromatid 
fusions with the new telomere as well as fusions between the TRA and endogenous 
telomere 3L (Figure 6-7). TF-PCR products were generated in reactions with lines 1 and 
4, but not when new telomeres were longer than 1kb (Figure 6-7B, lines 2 and 3).  As 
expected, the endogenous 3L telomere did not engage in extensive end-joining reactions 
with the new TRA (Figure 6-7B, 2 + 3L). We conclude that nascent telomeres must 
exceed a critical 1kb size threshold to avert end-to-end chromosome fusions. 
Inactivation of telomerase increases the frequency of DNTF. 
We used a genetic approach to examine the role of telomerase in converting a 
TRA into a functional telomere. Second generation (G2) tert mutants were made 
tetraploid and then transformed in the next generation with pWY86. The frequency of 
DNTF was monitored in two separate transformation experiments. On average, 72% of 
the transformants displayed DNTF (T1=68/96 (70%), T2=53/72 (74%)), a statistically 
higher fraction than 4X wild type plants (56%) (p value ≤.01) (Figure  6-8A). Southern 
blot analysis confirmed that the average transgene copy number was the same (or lower) 
in tert compared to wild type transformants (Figure 6-9). Thus, the elevated frequency of  
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Figure 6-7. TRAs shorter than 1kb are prone to end-joining reactions. 
(A) PETRA results are shown for four lines transformed with a 100bp TRA using 
PBGW-2 and -3 primers, which target a unique sequence in the T-DNA 250 or 
420bp, respectively, upstream of the TRA. At least one telomere in lines #1 and 
#4 is shorter than 1kb (dashed line). (B) TF-PCR results from the lines analyzed 
in (A). WT indicates a control TF-PCR reaction performed with an 
untransformed 4X WT control. Primers PBGW-2 and PBGW-3 were used for 
the reactions on the left, and only primer PBGW-2 was used on the right. A 
combination of 3L and PBGW-2 primers were used to test for non-sister 
chromatid fusions.
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Figure 6-8. Establishment of a new telomere is dependent on Ku 
and Lig4, but not on telomerase.
(A). DNTF efficiency was monitored in the 4X mutant Arabidopsis 
lines shown. Efficiency was calculated as in Fig. 2D. (B) PETRA 
results for DNTF in a T1 tert deficient parent (P) and several T2 
progeny. (C) PETRA results for two 4X tert lines (33 and 34) 
showing new telomeres shorter than 1kb. PETRA products for 
the endogenous 3L telomere are shown for comparison. (D) TF-
PCR results for lines 33, 34 and WT.  Reaction were conducted 
with a single primer (p1 or e3L) or with both primers. (E) PETRA 
results for a 4X ku70 transformant using either p1, p3 or e3L. 
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Figure 6-9. 4X tert acquired the same number of T-DNA insertions as 4X wild type. 
DNA gel blot analysis of tert (A) and wild type (B) samples digested with HindIII and 
EcoRI and hybridized with a probe for the BAR gene. EcoRI cuts within the adjacent 
genomic DNA (see map in C), whereas HindIII cuts downstream of the BAR gene. 
The negative (-) control is 4X WT without a transgene. Numbers indicate nucleotide 
positions within the PWY86 plasmid.
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DNTF in 4X tert mutants does not reflect increased T-DNA integration, but rather 
argues that telomerase is inhibitory to DNTF. 
As for endogenous telomeres, telomerase was needed to maintain the nascent 
telomere once it is established. In first generation (G1) tert mutants, endogenous 
telomeres are approximately 1kb shorter than wild type, and then decline by ~200-300bp 
each plant generation thereafter (Riha et al. 2001). Similarly, in 4X tert transformants 
(G3 for tert), the average TRA associated with a nascent telomere was ~1.5kb (Table 6-
3), corresponding to the loss of 1.1kb from the 2.6kb pWY86 TRA. In the next 
generation, the new telomere decreased in size by ~200bp (Figure 6-8B).  
Like 4X wild type transformants, a subset of the de novo telomeres formed with 
the 2.6kb TRA in 4X tert were significantly shorter than 1kb (Figure 6-8C). Only a low 
level of sister fusions were detected with newly formed telomeres (Figure 6-8D, p1 
alone). Consistent with previous analysis of tert mutants, no fusions were detected with 
the 3L telomere control (3L alone) (Heacock et al. 2004). Unexpectedly, however, TF-
PCR products were observed in reactions targeting the new telomere and 3L (p1 + 3L). 
We conclude that a short, unstable TRA in a telomerase-negative setting is capable of 
recruiting a fully capped and functional telomere into an end-joining event.  
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NHEJ machinery is required for DNTF in Arabidopsis 
DNTF would appear to be in direct competition with DNA repair proteins, since 
factors necessary to authenticate the T-DNA as a telomere seed must displace or 
compete with components required for T-DNA integration. The situation may be more 
complex, given studies in yeast showing that Ku, a core component of NHEJ machinery, 
promotes telomerase recruitment at DSBs and at the same time protects natural 
telomeres from chromosome fusion (Stellwagen et al. 2003; Wang et al. 2009).  To test 
how NHEJ components influence new telomere formation in a multicellular eukaryote, 
we transformed pWY86 with a 2.6kb TRA into tetraploid plants carrying a null mutation 
in either KU70 or DNA ligase IV (LIG4).   
Unexpectedly, 4X lig4 transformants showed a statistically significant decrease 
in DNTF events relative to 4X wild type plants, 26/73 (36%) versus 61/108 (56%) 
(Figure 6-8A). The value does not reflect decreased integration of pWY86 since T-DNA 
integration does not require LIG4 or KU (Friesner and Britt 2003). Moreover, we 
assayed DNTF in 4X lig4 transformants resistant to BASTA, and thus bearing an 
integrated T-DNA. The average length of a new telomere in 4X lig4 mutants was 1.5kb, 
1.1kb shorter than the 2.6kb TRA in pWY86 (Table 6-3). Since LIG4 does not make a 
significant contribution to telomere maintenance in Arabidopsis (Heacock et al. 2007), 
the data suggest that the TRA was subjected to nucleolytic digestion or deletional 
recombination prior to becoming a fully capped telomere.  
An even more dramatic decrease in DNTF was observed in ku70 4X mutants.   
Only 2% (2/88) of the transformants formed new telomeres (Figure 6-8A). In 
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Arabidopsis, endogenous telomeres are grossly extended in the absence of Ku (Bundock 
et al. 2002; Riha et al. 2002). PETRA revealed that the new telomeres formed in these 
two lines were elongated to approximately the same extent as the endogenous 3L 
telomere, with the addition of ~2.5kb in one generation (Figure 6-8E). These results 
show that if a telomere can form in the absence of Ku, it is subjected to the same length 
regulation as endogenous telomeres. We conclude that NHEJ components directly or 
indirectly promote DNTF at chromosome breaks, and further that Ku plays an 
additional, specialized role in new telomere formation.  
 
Discussion 
Conversion of a DSB into a fully capped telomere by DNTF is a potentially 
lethal event, leading to gene loss and genome instability. Thus, cells must evolve 
mechanisms to strictly control DNTF. Emerging data from budding yeast reveal that the 
ATR ortholog, Mec1, promotes genome integrity by negatively regulating DNTF as part 
of the DNA damage response (Lydeard et al. 2010; Makovets and Blackburn 2009; 
Zhang and Durocher 2010).  Factors that modulate DNTF in multicellular eukaryotes are 
largely unexplored, but as this study illustrates the flowering plant Arabidopsis is poised 
to fill this gap in understanding. For example, unlike vertebrate models, null mutations 
in ATR or telomere capping proteins are viable in Arabidopsis (Watson and Riha 2010).  
Furthermore, as demonstrated here, tetraploid Arabidopsis has the necessary genome 
buffering capacity to reveal fundamental insights into the mechanism of DNTF.  
Remarkably, up to half of the 4X Arabidopsis transformants we tested acquired 
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truncated chromosomes capped by new telomeres. This represents a five-fold increase in 
DNTF events relative to diploid Arabidopsis and a much higher frequency than in yeast 
(<1%) (Kramer and Haber 1993), human embryonic fibroblasts (<2%) (Barnett et al. 
1993), or maize (~9%) (Yu et al. 2006). The incidence of DNTF events in 4X 
Arabidopsis is comparable to mammalian cancer cell lines (40-60%), which are 
characterized by abrogated cell cycle checkpoints and rampant aneuploidy (Nigg 2001). 
In normal diploids, including Arabidopsis, DNTF events are almost uniformly recovered 
near chromosome ends (Barnett et al. 1993; Yu et al. 2006). In contrast, DNTF events 
arise throughout the entire 4X Arabidopsis genome, an outcome that does not reflect an 
increased T-DNA integration in tetraploid plants. Rather, the genetic redundancy of the 
tetraploid genome appears to provide a less stringent filter for telomere-mediated 
chromosome truncation. 
A critical length threshold for new telomeres 
Arabidopsis can establish a telomere with a TRA of only 100 bp.  Indeed, DNTF 
events may occur with little to no TRA seed sequence. Arabidopsis telomerase extends 
primers lacking any complementarity to the telomerase RNA template in vitro by 
aligning the 3’ terminus at a “default” position within the RNA (Fitzgerald et al. 2001).  
Moreover, in yeast and mammals telomeres can be formed in the complete absence of a 
TRA (Flint et al. 1994) via microhomology between the nucleotides at the 3’ terminus of 
the break site and the telomerase RNA template (Stellwagen et al. 2003). DTNF at the α-
globin locus in humans and in mouse embryonic stem cells is thought to proceed by such 
a mechanism (Sprung et al. 1999; Wong et al. 1997).  
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By exploiting a PCR strategy devised to follow the fate of individual Arabidopsis 
telomeres, we discovered that the TRA must be elongated above a critical 1kb length 
threshold to establish a fully capped telomere that prohibits end-joining reactions. The 
average length of new telomeres formed with a 100bp TRA was 1.1kb. Moreover, 
telomere fusion events were detected with TRAs shorter than 1kb, while longer TRAs 
were immune. The molecular switch underlying this length threshold is unknown, but it 
may represent the minimal TRA required to recruit a sufficient number of telomere 
capping proteins or to assemble into a protective secondary structure such as a t-loop.  
Competition for the nascent chromosome terminus 
Once a TRA is exposed, we speculate that it is engaged by multiple competing 
pathways (Figure 6-10). As in mammalian cells (Okabe et al. 2000), we found that 
telomerase is not required to establish a new telomere when the break occurs adjacent to 
a TRA (Figure 6-10, steps 1-3).  However, telomerase is needed to maintain the integrity 
of the new telomere in successive generations (Figure 6-10, step 4). Strikingly, 
successful de novo telomeres formed from short TRAs are extended past 1kb in the first 
generation, and then brought into the wild type range in the second generation after 
transformation. Intriguingly, DNTF occurred at an even higher frequency in telomerase-
deficient 4X plants than in wild type 4X. One explanation is that telomerase interferes 
with DNTF by competing with proteins needed to form a protective cap and thus 
stabilize the nascent terminus (Figure 6-10, steps 2 and 3a).  
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Figure 6-10. Model for DNTF establishment and maintenance in Arabidopsis. After the 
first step of T-DNA insertion (Step 1), there is a competition for the TRA by Ku, T-DNA 
integration machinery, and exonucleases at the DSB formed at the 3’ end of the T-DNA 
(Step 2). T-DNA integration will occur if integration machinery out-competes Ku (Step 
3b). If Ku out-competes the integration machinery, controlled exonucleolytic processing 
exposes the TRA (Step 2). A new telomere is established by association of double-
strand telomere binding proteins (TBPs) and the CST capping complex (Step 3a). After 
telomere establishment, the new telomere must be maintained by telomerase (Step 4) 
above the critical 1kb length threshold to prevent end-joining reactions. 
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We also exploited the genetic tractability of Arabidopsis to investigate how 
NHEJ machinery affects DNTF in a multicellular organism. Unexpectedly, we 
discovered that both Ku and LIG4 directly or indirectly promote DNTF. NHEJ occurs by 
multiple routes in Arabidopsis, including a Ku and LIG4-independent pathway. Neither 
of these factors is required for T-DNA integration (Gallego et al. 2003; Heacock et al. 
2007; Li et al. 2005; van Attikum et al. 2003).  The frequency of DNTF events in 4x lig4 
mutants was significantly reduced and the new telomere tracts were shorter than in 4X 
wild type plants. Notably in plants doubly deficient in LIG4 and TERT, extreme 
nucleolytic degradation is observed prior to end-joining (Heacock et al. 2007). Therefore 
LIG4 may temporarily sequester the TRA from nucleolytic attack, providing additional 
time for telomere capping proteins to engage the terminus (Figure 6-10, step 2).  
Finally we discovered that Ku plays a critical role in DNTF in Arabidopsis.  
Unlike LIG4, Ku is an essential component of the chromosome terminus, functioning in 
both telomere length regulation and protection of the telomeric C-strand (Bertuch and 
Lundblad 2003; Wang et al. 2009). Bertuch and colleagues propose a two-faced model 
for yeast Ku that explains its dual functions in NHEJ and telomere maintenance. In this 
model, Ku differentiates between telomeric and non-telomeric DNA based on the 
orientation of its two molecular faces (Ribes-Zamora et al. 2007). Accordingly, Ku 
interaction with the TRA on the T-DNA could define this region as a telomere instead of 
a double strand break. In this view, full integration of the T-DNA into the chromosome 
would be favored over DNTF (Figure 6-10, steps 3a and 3b).  In contrast to yeast, Ku 
does not associate with the TER1 telomerase RNP in Arabidopsis (Cifuentes-Rojas et al. 
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2011), and instead acts as a potent negative regulator of telomere length (Riha et al. 
2002). Thus, Ku could potentially play an indirect role in promoting DNTF. For 
example, in the absence of Ku, the ultra-long endogenous telomeres may sequester 
double-strand telomere binding proteins, preventing the transgenic TRA from being 
established as a functional telomere. 
DNTF and chromosome engineering 
Our findings indicate that natural polyploids can be manipulated as a platform for 
chromosome engineering and plant breeding through telomere truncation. Given the high 
frequency of DNTF and a semi-high throughput method for identifying these events, it 
should now be possible to recover chromosome truncations at a desired location. With 
different selectable markers, a streamlined chromosome could be created by multiple 
truncation events and then reintroduced into a diploid by conventional genetic crosses 
(Yu et al. 2007) or through centromere-mediated genome elimination (Ravi and Chan 
2010). Finally, since truncated chromosomes can be transmitted to progeny, the 
consequences of such events could be examined over several generations.  
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CHAPTER VII 
CONCLUSIONS AND FUTURE DIRECTIONS 
 Telomeres are an ancient evolutionary mechanism for masking the ends of 
chromosomes and preventing them from being recognized as double-strand breaks 
(DSBs). Gradual erosion of telomeric DNA over time is of minimal significance in light 
of the immediate and devastating consequences that arise from a DSB. Therefore, the 
amount of regulation and chicanery that goes into masking telomeres from being 
recognized as a DSB is remarkable.  
Support for the importance for proper telomere capping over telomerase abounds, 
as most cells in a multicellular organism undergo daily metabolism without telomere 
extension by telomerase. Some organisms, such as Arabidopsis, can exist for multiple 
generations in the absence of telomerase, yet suffer severe genome instability in the 
absence of telomere capping components (Riha et al, 2001; Song et al, 2008; Surovtseva 
et al, 2009). Thus, the proper sequestration of the chromosome end into a protective 
nucleoprotein complex that will hide it from unfriendly enzymatic and sensing activities 
is crucial. 
How do telomeres do this? The simple answer would be to say that telomeres are 
isolated complexes with a unique protein composition that is dedicated soley to the 
chromosome end. However, telomere-associated associated proteins are not always 
associated with the telomere, underscoring how complicated life really is at the 
periphery of genomes.  
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As I have alluded to throughout this dissertation, telomeres associate with several 
components of the DDR machinery (ATM and ATR, Ku, and MRN/X), and these 
factors are necessary for telomere maintenance. In return, telomere components and 
DDR machinery work to prevent DSBs from being converted into telomeres. It is an 
uneasy alliance, but one that evolution is finding new ways to strengthen. 
In this dissertation, I highlighted some of the novel mechanisms used by 
Arabidopsis thaliana to regulate telomerase during DNA damage and at DSBs (Chapters 
II, VI). In addition, I presented a novel assay in which Arabidopsis can be used to test 
for genetic elements that regulate inappropriate telomere addition at DSBs (Chapters 
VI). The utilization of TER2 as an inhibitor of telomerase activity may be a recent 
evolutionary innovation, and was discussed in Chapter II and III. Finally, the protein 
components at the chromosome end are also rapidly evolving in Arabidopsis. I discussed 
the initial characterization of AtPOT1b and POT1c, and their differing roles on and off 
the chromosome end (Chapter IV and V). In this Chapter, I will discuss the conclusions 
and future directions that have arisen from this research.   
 
A telomerase RNA, TER2, regulates telomerase in response to DNA damage 
 During the course of identifying and characterizing the telomerase RNA subunit 
in Arabidopsis, our lab found three TER isoforms, TER1, TER2, and a shorter form of 
TER2, TER2s. Intriguingly, over-expression of TER2 in vivo leads to a strong inhibition 
of telomerase activity and decrease in telomere length. A mutation within the template of 
the over-expressed TER2 molecule allowed us to determine that this molecule was part 
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of a telomerase complex that did not efficiently incorporate telomere repeats onto the 
chromosome end in vivo. A null mutant was available for TER2 (ter2-1), and these 
mutants display an increase in telomerase activity, but no apparent change to telomere 
length.  
 Thus, Arabidopsis thaliana contains a regulatory telomerase RNP. When and 
where does the alternative telomerase RNP? By monitoring telomerase activity and TER 
RNA levels in seedlings exposed to the genotoxin zeocin, I found that DNA damage 
results in repression of telomerase. This repression is dependent on TER2, as ter2-1 lines 
do not show a telomerase repression. In fact, ter2-1 lines display a slight but significant 
increase in telomerase activity in the early time points of treatment. This finding shows 
that TER2 is required for a specific physiological response,  but it does not convey a 
mechanism. Furthermore, this may not be the only instance of repression by TER2.  
The most efficient means of prohibiting telomerase action at DSBs may not be 
mediated through a TERT-bound RNP. In Chapter II, we presented evidence that Ku, 
ATR, and AtPOT1b associate with TER2, and to varying degrees, TER2s, in vivo. Each 
of these components could be interacting separately or in concert with one another to 
inhibit telomerase at the site of DNA damage. I will discuss potential roles for each of 
them below. 
 
A possible Ku-TER2 telomerase inhibitory complex at DSBs 
Firstly, Ku interacts with the telomerase RNA subunit in budding yeast through a 
conserved RNA binding domain found within the Ku80 subunit (Stellwagen et al, 2003). 
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Strikingly, this 15 amino acid region is highly conserved among Ku80 from multiple 
organisms, including Arabidopsis (Figure 7-1A). This domain is not conserved in S. 
pombe Ku80, which does not interact with TER (Subramanian et al, 2008).  Ku wraps 
around dsDNA, allowing for DNA and RNA binding to occur simultaneously 
(Stellwagen et al, 2003). Thus, Ku-bound TER2 could act as a binding platform at DSBs 
for the recruitment of other factors necessary for the stimulation or repression of DNA 
repair activities.  
A variety of factors important for DNA repair and inhibition of telomerase could 
associate at Ku-TER2 foci. ATR, the master kinase, associates with TER2, perhaps 
directly, or indirectly with AtPOT1b (Vespa L, Jasti M, and Shippen D, unpublished 
data). ATR is important for the regulation of DNA repair, but also regulates telomerase 
activity in many eukaryotes, including Arabidopsis (Boltz et al, 2012; Yamazaki et al, 
2012; Chawla et al, 2011; Moser et al, 2009). In addition, in Chapter IV, I presented data 
to suggest that AtPOT1b is a negative regulator of telomerase. Thus, TER2 is already 
acting as a scaffold for the appropriate factors to inhibit telomerase at DSBs (Figure 7-
1B).  
While purely speculative, this model is not without precedent. A recent explosion 
of new information sheds light on the role of non-coding RNAs (ncRNAs) in gene 
regulation and DDR. There are thousands of long, intergenic, noncoding RNAs 
(lincRNAs, ie, TER2) encoded within the human genome (Clark et al, 2012). Many of 
these RNAs have a long half-life and move between different cellular compartments. In 
plants, lincRNAs have been implicated in environmental stress responses and regulation 
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of development (Ben Amor et al, 2009; Charon et al, 2010). Thus, these 
“Riboregulators” provide a novel means of regulating cellular functions.  
Polycomb Repressor Complexes (PRCs) load onto long non-coding RNAs 
(ncRNAs) that acts in trans to recruit chromatin remodelers to genes in need of silencing 
(Heo and Sung, 2011; Swiezewski et al, 2009). Even more recently, DSBs were found to 
stimulate the production of small RNAs from the region immediately around the break 
site (Wei et al, 2012). These DSB-induced RNAs (diRNAs) were critical for efficient 
DSB repair. Ultimately, diRNA production was dependent on the kinase ATR. Perhaps a 
connection lies between ATR, TER2, and diRNAs? More experimental data is needed to 
address the role of Ku and TER2 in DNA damage.  
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Fig 7-1. TER2 as a scaffold for inhibitory factors of telomerase. (A) Amino acid 
alignment of the predicted RNA binding motif of Ku80. At= Arabidopsis 
thaliana, Bd= Brachypodium distachyon, Hs=Homo sapiens, Mm=Mus
musculus, Sp= Schizosaccharomyces pombe. The minimal RNA binding 
domain is indicated by the red bar above the alignment. The asterisk denotes 
the Ku80 protein that does not bind TER (S. pombe). (B) A model for inhibition 
at DSBs by the TER2 RNP complex. Shown are protein constituents that 
interact with TER2 in vivo. In this model, Ku recruits TER2 to DSBs through 
Ku80. TER2 then serves as a scaffold for the localization of POT1b , ATR, and 
potentially TERT to DSBs. This is likely a very dynamic process, and thus a 
complex in this form might interact only transiently at DSBs to block 
telomerase access until NHEJ components can be assembled. 
A
B ATR
Ku
POT1b
TER2
TERT
TER1 telomerase 
RNP?
Inhibits by phosphorylation?
Recruiting other factors?
Steric hindrance?
Is TERT present at these foci?
*
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To address the role of a Ku/TER2 complex in the DNA damage response, I 
propose the biochemical purification of TER2 RNP complexes from plants treated with 
DNA damaging agents. The increased number of TER2 molecules seen during DNA 
damage may assemble into a complete TER2 RNP, or with only a subset of components. 
If a Ku/TER2 RNP forms in response to DNA damage, then immunoprecipitation of Ku 
should reveal increased association with TER2 or TER2s. By subjecting the IP to 
western blotting, one could determine if TERT and POT1b also associates with Ku in 
response to DNA damage. Notably, Ku80 recognizes a fairly simple 48nt stem-loop 
structure that conceivably could be contained within other ncRNAs. Thus, deep-
sequencing RNAs that co-purify with Ku after DNA damage may reveal additional 
regulatory RNAs.  
 
Evidence for alternative mechanisms for inhibition of telomerase following DNA 
damage 
 Treatment of ter2-1 lines with genotoxin revealed an increase in telomerase 
activity during the earlier time points, followed by a gradual decline in activity to levels 
seen in wild type treated seedlings. One possible explanation for this is that the 
population of cells where telomerase is presumably most active, the stem cell niche, has 
been obliterated. An alternative interpretation is that newly synthesized telomerase 
components are sequestered from one another into different compartments of the cell 
during DNA damage.  
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 Evidence supporting this latter model comes from human cells, where oxidative 
stress and DNA damage causes hTERT to be excluded from the nucleus and accumulate 
in the cytoplasm. hTERT is also translocated to the mitochondria where, in an unknown 
manner, it makes the cell more resistant to genotoxic stress (Passos et al, 2007; Saretzki 
G, 2009; Ahmed et al, 2008). These same reports also demonstrated that TER was not 
associated with this mitochondrially bound TERT, reinforcing the notion that these two 
entities are prevented from forming RNP complexes during DNA damage. 
 Is TERT nuclear exclusion conserved in Arabidopsis? To test this, nuclear and 
cytoplasmic protein extracts coule be prepared and monitored for TERT localization 
after DNA damage. If preliminary experiments were promising, then these fractions 
could be tested for the presence of TERT-bound TER molecules. In addition, factors 
assisting in exporting TERT out of the nucleus could be identified from these same IPs.  
 
A Ku/TER2s/POT1b complex at telomeres 
Above, I have focused primarily on the role of Ku, TER2, and ATR at DSBs, but 
DSBs are limited in number and most likely do not reflect the bulk of TER2’s roles. Ku 
regulates C-strand resection and regulates telomere length in Arabidopsis. Contrary to its 
function in human or budding yeast, Ku actually restricts telomere addition. In the 
absence of Ku, telomeres are rapidly over-extended in a telomerase dependent manner. 
However, this does not reflect an increase in telomerase activity. Instead, this likely 
indicates an inhibitory complex is removed from telomeres in a ku background.  
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Based on preliminary data presented in Chapter IV, I propose that this Ku-
dependent inhibitory complex likely consists of POT1b and TER2s. There are some 
caveats to the gross telomere uncapping phenotype in the ter2pot1b double mutant 
(Chapter IV). However, the physiological and telomere phenotypes observed in this 
background are almost certainly caused by POT1b and TER2. 
If the dramatic phenotype observed in the pot1b-1/ter2-1 background is indeed 
derived from mutations in these two genes, the data suggests that chromosome-end 
protection is in part mediated by a telomerase RNP complex (Figure 7-2). This proposal 
is not without precedent. Independent TERT or TER mutants in Candida albicans 
accumulate long G-overhangs, consistent with extensive nucleolytic degradation (Hsu et 
al, 2007). Furthermore, in budding yeast, telomerase is present in a Ku-dependent 
manner in the G1 phase of the cell cycle-when telomeres are not being extended. Thus, 
telomerase association with the telomere may be important for functions outside of DNA 
replication.  
 
 
 
 
 
 
 
188 
 
A highly speculative model for a Ku/POT1b/TER2s capping complex is that Ku 
localizes to long telomeres and prevents further telomere extension. Perhaps 
Ku/Ter2/POT1b keep G-overhangs short at these telomeres, inhibiting telomerase by 
removing its substrate. Anecdotal evidence comes from the Riha lab, which reports that 
Ku binds to and maintains “blunt-ended” telomeres. A switch would occur at short 
telomeres, perhaps due to telomere architecture or a “counting mechanism,” involving 
double strand telomere-binding proteins analagous to the model proposed in budding 
yeast (Shore and Bianchi, 2009). In this case, CST would come to short telomeres and 
recruit an active telomerase through CTC1-POT1a interactions, leading to telomere 
extension (Figure 7-2). 
Alternatively, Ku/POT1b/TER2s may bind to telomeres during G1 and G2 
phases of the cell cycle, while CST would be bound during the S phase. A prediction of 
this model is that lines deficient for both Ku and CTC1 would show synergistic defects 
associated with chromosome-end deprotection and telomere loss. Preliminary data 
suggests that this is indeed the case (Song X, Boltz K, Leehy K, Shippen D, in 
preparation).  
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Short telomeres?
S-phase telomeres?
Long telomeres?
G1 and G2-phase 
telomeres?
POT1bPOT1aCSTTERTKuTER2sTER1TER2
Fig 7-2. A proposed model for a Ku/POT1b/TER2 telomere capping complex. 
TER2 acts as a natural competitive inhibitor of the TER1 telomerase RNP. 
TER2s through Ku and POT1b, may represent an evolutionarily conserved 
telomere capping complex, perhaps at long telomeres where telomerase 
extension is not required. Alternatively, this TER2/POT1b/Ku/POT1b/TER2/X 
(where X denotes unknown components, thus KBTx), could be bound at 
telomeres during the G1 and G2 phases of the cell cycle. A switch to the 
CST complex would be necessary during the S phase in order to extend and 
replicate telomeres.
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To fully test this model, several experiments are needed. Immunolocalization of 
Ku and a tagged TER2 in Arabidopsis nuclei are necessary to determine if these 
molecules co-localize to telomeres. This experiment could be performed in different 
genetic backgrounds, such as tert and pot1b, to determine the components necessary to 
localize a Ku/POT1b/TER2s complex to telomeres. Genetic experiments involving a 
stn1pot1b double or stn1pot1bter2 triple would address whether these two complexes 
protect telomeres independently of one another.  
If it turns out that the causal agent in the pot1b/ter2 mutants is neither of these 
two genes, map-based cloning can be used to to map the causative locus. In addition, a 
polymorphism in either the Col-0 or Ler-0 may be contributing to this phenotype in 
conjunction with TER2 or POT1b. To address this genetically, crosses should also be 
made between ter2-1 (Col-0) and a wild type Ler-0 line. Reciprocal crosses involving 
pot1b-1 (Ler-0) and wild type (Col-0) have already been produced, with no obvious 
telomere phenotype. The ter2-1/wild type (Ler-0) crosses are underway, and should help 
clarify the role of POT1b and TER2 in chromosome-end protection.  
   
Probing the TER2 IS function and self-splicing activities: lessons from Chapter III 
In Chapter III, I addressed the evolution of the TER2 IS in A. thaliana, and 
similarities between TEs and TER2 IS. Binding studies show that TERT prefers binding 
to TER2 10-fold over TER1 (Chapter II). These, and other data, suggest that full length 
TER2 is inhibitory due to its ability to sequester telomerase into complexes that cannot 
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interact productively with the chromosome end. We now have a host of information, 
from the 1,001 Arabidopsis genomes project, to test this model of inhibition. 
Of the three ecotypes naturally missing the IS (Baa, No, and Ler), No and Ler are 
currently growing in the lab. The function being performed by TER2s is still present in 
these ecotypes, because they express TER2s at levels similar to Col. What is the 
response of these ecotypes to DNA damage? Additionally, would exogenous Col-0 
TER2 splice in the Ler-0 or No-0 backgrounds, and would it inhibit telomerase activity? 
We have no clear understanding of the degree to which self-splicing occurs in vivo, thus 
placing full length TER2 back into ecotypes with just TER2s could help answer this 
question.  
Sixty other ecotypes showed high degrees of variation within the IS, providing 
the lab with candidates to probe for in vitro and in vivo processing. Once a consistent in 
vitro splicing assay has been developed, these RNAs can be screened to delineate the 
regions of the RNA necessary for splicing. Concurrently, RNA can be extracted from 
these ecotypes and tested for the presence of TER2s. It would be interesting to find 
mutants that could not self-splice in vitro, but were still processed in vivo.  
 
Transposable elements and their relationship to the TER2 IS 
The finding that the TER2 IS is similar to transposable elements (particularly the 
MITEs) provides an interesting glimpse into the evolution of TER in A. thaliana. The 
presence of the IS provides a model for how the TER genes were duplicated, and why 
they are not present in syntenic regions within A. lyrata. Transposable elements, by their 
192 
 
very nature, are mobile. During transposition, they can “transduplicate” DNA around 
them, in essence moving the DNA around them to a new location. In addition, the small 
Class II DNA transposons prefer to embed themselves adjacent to active genes.  
This seems to have happened to TER1 and TER2. I propose that somewhere on 
the lineage leading to A. thaliana, an IS inserted within a single copy ancestral TER 
molecule and then transposed to new locations within the genome (Figure 7-3A). This 
created two copies of a TER with an IS. During the course of evolution, the IS was 
removed from TER1. This event also occurred at the TER2 locus from three different 
ecotypes, leaving a TER molecule remarkably similar to TER1.  
TER may still be associated with an IS in A. lyrata, accounting for our difficulty 
in identifying this locus. However, if the IS is not linked to AlTER, then the IS may have 
confounded efforts to find AlTER. Our searches have been for an ~700nt TER when 
instead the RNA may be much smaller.  
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If the above model is true, and TER duplication and migration through the genome was 
facilitated by IS insertion, then the genomic landing spot chosen by the IS may have 
resulted in the incorporation of non-TER sequence into TER1. Recent data indicates that 
TER1 landed in the 5’ UTR of Rad52 of A. thaliana (Samach et al, 2011). Transcription 
of TER1 occurs in the same direction as Rad52 and terminates just prior to the beginning 
of the 3
rd
 exon (Figure 7-3B). TER2 landed in the 5’ UTR of an uncharacterized gene, 
but it is oriented in the opposite direction. The IS is removed from TER2 to produce 
TER2s, an RNA scaffold that is still capable of interacting with TERT, POT1b, and Ku. 
Therefore, I predict that the non-core regions of TER1 are accidental incorporations. 
Thus, TERs from other members of the Brassicaceae family may be much smaller in size 
and still retain function. 
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*
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Fig 7-3. The Arabidopsis TERs may have arisen from a transduplication event. 
(A) Model for IS insertion and transduplication of the TER locus. IS inserted 
into the ancestral TER. Then, transduplication of the IS and the DNA around it 
(TER) resulted in TERs being duplicated and relocated to different 
chromosomes in A. thaliana. (B) Schematic diagram of the TER2 (top) and 
TER1 (bottom) loci. TER2 is oriented in the opposite direction of the gene it is 
embedded near. The template region of TER2 lies within the extreme 5’ UTR 
of the adjacent gene, ~500nt from the ATG. TER1 is oriented in the same 
direction as the gene it is embedded within, RAD52. The template region is 
50nt from the ATG of RAD52 (red asterisk). TER1 terminates near the intron 
2/ exon 3 junction of RAD52.
TER2
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POT1b and its role in RNA maturation 
 Another aspect of TER2 maturation is the removal of the 3’ 36nts. The 3’ end is 
part of a ~100nt intergenic region that is completely conserved among the different A. 
thaliana ecotypes. In addition, this region is also found at least twice in the A. thaliana 
genome, and is conserved in A. lyrata. It is not associated with the ISL elements, 
suggesting an incidental association with TER2. In vitro data suggests that this region is 
required for self-splicing of the TER2 IS (Hernandez A, Shippen D, unpublished data). 
Is this region, like the IS, self-spliced, or is it dependent on cellular RNA maturation 
machinery. Two interesting points should be made here, one involving Dyskerin, and the 
other, POT1b. 
 Dyskerin is important for RNA maturation and associates with both TER1 and 
TER2 (Appendix, A-1; Chapter II). However, Dyskerin does not interact with TER2s, 
suggesting the binding site has been removed. Dyskerin is part of a class of proteins that 
bind an RNA structural motif called an H/ACA box. TER molecules from other species 
retain an H/ACA box near the 3’ end. A putative H/ACA box has been identified in 
silico at the 3’ end of TER2. Importantly, this region lies within the 3’ region that is 
removed upon TER2s maturation. This would explain lack of Dyskerin binding to this 
factor, but still needs to be experimentally confirmed. 
 Dyskerin performs RNP maturation in cajal bodies, subcellular compartments 
associated with the nucleolus. Thus, cleavage of the 3’ could be important for the release 
of a TER2s molecule into the nucleus. Mapping the nulear localization of TER2s 
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molecules with and without the 3’ end should be performed to determine if the 3’ region 
in critical for nucleolar retention. 
 POT1b associates with both TER2 and TER2s in vivo and in vitro. However, 
immunoprecipitation of POT1b showed an enrichment of TER2s (Chapter II). This 
finding indicates that POT1b may associates with TER2 during the TER2 maturation 
process. Notably, pot1b-1 lines do not show evidence of telomere dysfunction and 
instead have increased telomerase activity (discussed below). In pot1b-1 lines, TER2s 
retains the 3’ end normally removed during TER2s maturation (Chapter IV). Thus, 
POT1b is necessary for proper TER2 processing. Finally, since the TER2 in this 
background (Ler-0) lacks the IS, we cannot make any conclusions about the role of 
POT1b in the TER2 splicing reaction. POT1b is likely recruiting a factor to TER2s, 
perhaps by assisting in RNA folding to make it accessible to splicing factors. 
Based on the requirement for POT1b in TER2 3’ processing, an interesting 
experiment would be to use POT1b for in vivo pull-downs. Performing this pull-down in 
the presence and absence of RNase would allow mass-spec mediated indentification of 
potential protein-protein and protein-RNA interactions. In addition, performing the 
POT1b pull-down in genetic backgrounds with and without full length TER2 (Col-0 and 
Ler-0) may identify unique factors necessary for processing of the IS. Two interesting 
candidates are STEP1 and Whirly, two putative RNA binding proteins which seem to 
regulate Arabidopsis telomerase (Kwon and Chung, 2004; Yoo et al, 2007).  
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The newest POT1 paralog, POT1c 
 The A. thaliana genome contains three POT1 genes. Two of these, POT1a and 
POT1b, are highly conserved within the Brassicaceae family (Shakirov et al, 2010). 
POT1c is unique to A. thaliana, but is highly conserved in ~460/513 currently sequenced 
A. thaliana ecotypes. The other ecotypes show some rearrangements, but still retain 
POT1c. In Chapter V, I presented evidence to suggest that POT1c is a functional gene in 
Arabidopsis, critical for telomere protection. The architecture of POT1c could have 
something to do with its retention. As a single OB-fold protein, POT1c is quite versatile, 
capable of multimerizing to broaden its function. Notably, the functions I elucidated for 
POT1c overlap the roles of POT1 proteins in vertebrates and yeast.  
Although the Brassicaceae POT1a and POT1b hae evolved to bind RNA, they 
must have ss telomeric DNA binding activities. In the moss Physcomitrella patens, 
thought to represent one of the most basal plant species, the POT1 gene is single copy 
and encodes for a protein that binds ss telomeric DNA and protects chromosome ends 
from degradation and fusion (Appendix, A-2). POT1 proteins from different plant 
lineages show a high degree of dissimilarity. Thus, it would be interesting to test 
representatives from each family biochemically to determine how the function of 
telomere capping and telomerase regulation is evolving in the plant kingdom.  
In Brassicaceae, the POT1a and POT1b duplication originates at the base of the 
family. Data suggests that AlPOT1a can complement loss of AtPOT1a. This is 
interesting, since POT1c is A. thaliana specific. AtPOT1b also shows a high degree of 
conservation among the Brassicaceae, suggesting conservation of function between A. 
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lyrata and A. thaliana POT1bs. Further biochemical experiments are needed to 
determine if Brassicaceae POT1b members perform similar functions to one another, 
such as TER and Ku binding. 
So how does POT1c fit into this picture? If POT1c is a sub-functionalization 
event, which progenitor POT1 protein is POT1c using as a functional parent? The 
POT1c locus is clearly derived from AtPOT1a, yet AtPOT1a does not have any apparent 
function in chromosome-end protection. Perhaps AlPOT1a assumes two roles in TER 
binding and chromosome-end protection. In A. thaliana, the capping function is now 
attributed to POT1c. 
As a telomere specific protein, POT1c may have acquired a function that is not 
shared by its immediate progenitors. This raises an important point. In the POT1c study, 
we were focusing on roles for POT1c in telomere biology, since POT1c mutants show 
such a severe phenotype. However, as a novel, single OB-fold protein, POT1c may have 
acquired roles outside of telomere biology. Determining POT1c interactors, either by 
yeast-2-hybrid, or by IP and mass spec of over-expressed protein would be a good 
starting point in determining if POT1c has alternative roles in Arabidopsis. 
 
How POT1c protects the chromosome end, interactions with CST 
 POT1c inherited many important interaction partners from its progenitor, 
AtPOT1a. Preliminary data indicate that POT1c can form homo-oligomers in vitro. It 
can also interact with CTC1, and weakly with TEN1. The interaction between POT1c 
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and TEN1 may be due issues not relevant to this dissertation, so I will focus on possible 
ramifications of the interaction between POT1c and CTC1. 
 Knockdown of POT1c resulted in hallmark symptoms of telomere instability 
similar to, but not as severe as lines bearing mutations within CTC1 (Chapter V). Given 
the physical interaction between CTC1 and POT1c, I propose POT1c acts to stabilize the 
CST complex at telomeres and to regulate access of telomerase to this complex. This 
POT1c-CTC1 mediated telomerase regulation likely happens through a very 
straightforward mechanism. 
 Due to their similarity, there is always the potential for competition for binding 
partners between POT1a and POT1c. Over-expression of POT1c leads to telomeres 
heterogeneous in length that form very distinct subpopulations visible by PETRA 
analysis, similar to, but longer than pot1a. In addition, telomerase activity is decreased in 
POT1c over-expression lines, even though TER levels are unchanged (Nelson A, 
unpublished data). This and other data suggests that over-expressed POT1c competes 
with POT1a for binding sites on TER1 or CTC1, two interactions that they share.  
Preliminary data indicates that POT1a and POT1c bind to the same structural 
motif on TER1. POT1c and POT1a also bind the same region of CTC1, again potentially 
placing them in direct competition with one another in vivo. Notably, over-expression of 
POT1c in a pot1a background does not complement the progressive telomere shortening 
phenotype (Nelson A, unpublished data). This observation argues that POT1c is a 
competitive inhibitor of POT1a, one that regulates when and where POT1a recruits 
telomerase to the telomere. 
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 Experiments are in process to examine the competitive nature of POT1c. First, 
YFP-POT1c IPs are being tested for telomerase activity and the identity of the associated 
TERs. These IPs are being performed in two different backgrounds, wild type and pot1a. 
If POT1a competes with POT1c for TER binding, then POT1c IPs from pot1a mutants 
should show an enrichment of TER1. If there is no enrichment of TER1, then perhaps 
POT1c is acting through another pathway, one that is inhibitory to the CST complex. 
This alternative complex may be the Ku/TER2/POT1b complex mentioned 
above.  POT1c also interacts strongly with TER2 and TER2s. Additionally, POT1c 
RNAi performed in pot1b-1 lines shows a dramatic and immediate drop in telomere 
length to well below 1kb (Nelson A, unpublished data). Again, similar to knockdown of 
POT1c in a wild type background, these lines did not display rampant fusions, 
suggesting that loss of POT1c does not trigger a conventional DNA damage response.    
 
DNTF in Arabidopsis, preliminary data for ATR and future experiments 
 In Chapter VI, I established Arabidopsis as a platform for determining factors 
that regulate de novo telomere formation. In this approach, telomere repeat arrays 
(TRAs) of varying lengths are transformed into tetraploid Arabidopsis and DNTF 
frequency is monitored by a specific PETRA assay. The manuscript describing this 
assay, which scored a six on the Faculty 1000 list, allowed us to determine that Ku was 
critical for DNTF, and surprisingly, TERT was inhibitory. However, the true importance 
of the experimental design is in the questions that can now be answered using this 
approach.  
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Inhibition of DNTF is still very much a black box in multicellular eukaryotes. 
Some clues have been provided from work performed in yeast showing that ATM and 
PIF1 regulate DNTF. ATM and ATR have overlapping functions in Arabidopsis, making 
each of them potential candidates for regulation of DNTF. There are three putative PIF1 
proteins in Arabidopsis, each roughly a third of the size of ScPIF1. In addition, two of 
these genes are right next to one another, making genetic analysis of AtPIF1 prohibitive.  
As mentioned above, a putative complex consisting of Ku, POT1b, and TER2 
may be important for protecting chromosome ends and regulating DNTF. Analysis is 
currently underway to determine DNTF efficiencies in POT1b and TER2 mutants. 
Shorter TRAs (<100bp) are being tested alongside longer (~2kb) TRAs in order to more 
closely mimic DNTF at a DSB in vivo.  
The role of Ku in DNTF can be also be probed further. A TER binding domain is 
conserved between all Ku80 molecules that are known to bind RNA. Therefore, it would 
be interesting to investigate how mutating this RNA binding motif affects DNTF. An 
important control for this experiment would be determining what effect this mutation has 
on DSB repair and telomere length maintenance. The RNA binding domain of Ku80 
may be critical for recruitment of TER2 and POT1b to telomeres, and therefore mimic 
the ter2pot1b background described in Chapter IV.  
To perform this experiment, Ku80 RNA binding mutants (Ku80RBM) would be 
used to complement a Ku80 background. Complementation would be judged by the 
criteria listed above and compared to a complementation with wild type Ku80. If the 
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two-faced Ku model applies to Arabidopsis, then Ku80RBM should not have an effect on 
NHEJ, but might be defective for telomere length maintenance (Ribes-Zamora, 2007).  
ATR is a fascinating kinase for many reasons, but its large size has limited its 
biochemical characterization. ATR regulates many activities at both DSBs and the 
chromosome end, and is an excellent candidate for regulation of DNTF. In Arabidopsis, 
ATR is also important for telomerase regulation, as plants lacking ATR for at least two 
generations show a significant reduction in telomerase activity (Appendix A-3). Despite 
this, telomeres are maintained at a normal length in these lines over multiple generations 
(Vespa et al 2005). This suggests that ATR is not critical for maintenance of normal 
telomeres. 
However, de novo telomeres are not wild type telomeres initially. Due to nuances 
in how TRAs are inserted into the genome, a large degree of degradation (up to ~50% of 
the TRA) can occur. In a wild type genetic background, this is a stochastic process and 
mechanisms are in place to protect and extend the new telomere. In contrast, 4X atr 
mutants show increased degradation of the TRA prior to stabilization, providing a clue 
for ATR’s role in telomere biology in Arabidopsis.  
Transformation of 4X atr lines with a 2kb TRA resulted in a DNTF efficiency 
only slightly lower than WT (40% vs 56%, n=8/20). Strikingly, 6/8 DNTF lines 
established de novo telomeres that were much shorter than wild type (~1kb). PETRA 
analysis of the progeny revealed telomeres of the same length. Thus, the de novo 
telomeres were being maintained, but were incapable of extending into the wild type 
range.  
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These data suggest that ATR is necessary for the recognition of short telomeres, 
or the recruitment of telomerase to short telomeres in order to extend them to a normal 
length. This is similar to that observed in yeast, but contrary to the situation in 
vertebrates. What happens if short TRAs are transformed into the 4x atr setting? In 
Arabidopsis, telomeres below 1kb are prone to activating DDR pathways and become 
caught up in chromosomal fusions (Heacock et al, 2007). Is there a secondary regulatory 
mechanism to return the short TRAs past the 1kb threshold in order to avoid telomere 
fusions? 
 
Conclusions 
 In summary, this dissertation has highlighted the diverse mechanisms by which 
telomerase is regulated in Arabidopsis. These mechanisms include inhibition by an 
alternative telomerase RNA, TER2, that is activated during DNA damage. In the process 
of analyzing TER2 I discovered what could be a novel family of transposable elements 
conserved in the Brassicaceae lineage. I characterized POT1b and POT1c and found that 
they perform complex roles at the chromosome end. I also determined several factors 
that are important in the regulation of telomere addition at DSBs. These findings 
underscore the diversity of mechanisms by which the cell defines telomeres versus 
DSBs. 
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APPENDIX I 
DYSKERIN IS A COMPONENT OF THE ARABIDOPSIS TELOMERASE RNP 
REQUIRED FOR TELOMERE MAINTENANCE* 
 
Summary 
Dyskerin binds the H/ACA box of human telomerase RNA and is a core 
telomerase subunit required for RNP biogenesis and enzyme function in vivo. Missense 
mutations in dyskerin result in dyskeratosis congenita (DC), a complex syndrome 
characterized by bone marrow failure, telomerase enzyme deficiency and progressive 
telomere shortening. Here we demonstrate that dyskerin also contributes to telomere 
maintenance in Arabidopsis. We report that both AtNAP57, the Arabidopsis dyskerin 
homolog and AtTERT, the telomerase catalytic subunit, accumulate in the plant 
nucleolus and AtNAP57 associates with active telomerase RNP particles in an RNA-
dependent manner. Furthermore, AtNAP57 interacts in vitro with AtPOT1a, a novel 
component of Arabidopsis telomerase. Although a null mutation in AtNAP57 is lethal, 
AtNAP57, like AtTERT, is not haploinsufficient for telomere maintenance in 
Arabidopsis. However, introduction of an AtNAP57 allele containing a T66A mutation 
decreased telomerase activity in vitro, disrupted telomere length regulation on individual 
chromosome ends in vivo and established a new shorter telomere length set point. These  
______ 
*Reprinted with permission from Kannan K., Nelson A.D.L., and Shippen D.E. 2008. Dyskerin 
Is A Component Of The Arabidopsis Telomerase RNP Required For Telomere 
Maintenance, Molecular and Cellular Biology 28, 2332-2341. Copyright © 2008 by The 
American Society for Microbiology.   
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results imply that T66A NAP57 behaves as a dominant negative inhibitor of telomerase. 
We conclude that dyskerin is a conserved component of the telomerase RNP complex in 
higher eukaryotes that is required for maximal enzyme activity in vivo. 
 
INTRODUCTION 
An essential step in the maturation of ribosomal RNA is the conversion of 
uridine to pseudouridine by H/ACA ribonucleoproteins (RNPs) (30). Components of 
H/ACA RNPs include small nucleolar RNAs (snoRNAs), Gar1, Nhp2, Nop10, and the 
pseudouridine synthase, dyskerin. Dyskerin is an essential gene and its loss results in 
embryonic lethality in mice (18). In addition to its role in rRNA maturation, dyskerin 
also binds the H/ACA box of human telomerase RNA (hTR) and is involved in hTR 
processing and stabilization (6, 32). Mass spectrometry studies indicate that the core 
telomerase complex is composed of a dimer of a catalytic telomerase reverse 
transcriptase (TERT), TR (which acts as a template for TERT), and dyskerin (7). 
Notably, the dyskerin homolog in yeast, Cbf5p, is not stably associated with the 
telomerase RNA (9), and a different constellation of proteins is required for telomerase 
RNP biogenesis and enzyme function in this organism (8).  
Mutations in human dyskerin are the cause of X-linked dyskeratosis congenita 
(DC), a rare disease that affects regenerative tissues and is characterized by abnormal 
skin pigmentation and bone marrow failure (20). Patients suffering from X-linked DC 
have shorter telomeres relative to age-matched controls (32). Most mutations in patients 
with X-linked DC cluster around the PUA (pseudouridine synthase and archeosine 
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transglycosylase) domain of dyskerin, which is responsible for RNA binding (35). One 
of the most commonly identified dyskerin mutations, A353V, perturbs rRNA 
pseudouridylation and also results in reduced levels of TR, decreased telomerase 
activity, and shorter telomeres in mouse embryonic stem cells (33). Similarly, 
hypomorphic mice that express low levels of dyskerin display the clinical symptoms of 
DC and exhibit shorter telomeres, but only in later generations (39). While rRNA 
processing is affected in some dyskerin mutants, the T66A mutation in humans appears 
to exclusively affect the telomerase-associated functions of dyskerin (32).   
Recent data indicate that bone marrow disease can also arise through reduction of 
other telomerase RNP constituents. Heterozygous mutations in hTR, which reduce its 
accumulation and perturbs its structure, lead to an autosomal dominant form of DC 
through haploinsufficiency of the RNA subunit (5, 14, 45). Similarly, haploinsufficiency 
of TERT has been implicated in DC and in aplastic anemia (1, 47, 51). Limiting 
abundance of telomerase subunits may help to facilitate the fine balance of telomerase 
repression and activation associated with differentiated cells and their stem cell 
progenitors (15). 
The flowering plant Arabidopsis is a useful model for telomere biology (29). In 
contrast to mouse, Arabidopsis telomere tracts are relatively short (2-5 kb) and are 
abutted by unique sequences on most chromosome arms (19), making it possible to 
study the dynamics of individual telomeres. Moreover, Arabidopsis is exceptionally 
tolerant to telomere dysfunction and genome instability. Disruption of AtTERT  results in 
a slow, but progressive loss of telomeric DNA (12). Beginning in the sixth generation 
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(G6), tert mutants exhibit a low level of end-to-end chromosome fusions and the onset of 
growth and developmental defects (37).  Remarkably, plants survive for up to five more 
generations with worsening phenotypes until they ultimately arrest growth in a 
miniature, de-differentiated state unable to produce a germline (36).   
Aside from the presence of AtTERT, little is known about telomerase RNP 
composition and biogenesis in plants. The TR subunit has not yet been identified in any 
plant species, owing to the rapid evolution of the TR nucleotide sequence. However, 
recent studies indicate that AtPOT1a, an OB-fold containing protein whose counterparts 
in yeast and mammals associate with telomeres (3), functions as a telomerase RNP 
accessory factor in Arabidopsis (43). This observation implies that the composition 
and/or role of telomerase subunits may vary among higher eukaryotes.   
Arabidopsis encodes a dyskerin homolog, AtNAP57 (25, 28) and here we 
examine its contribution to telomerase biochemistry and telomere maintenance. We 
demonstrate that AtNAP57 localizes to the nucleolus along with AtTERT and associates 
with enzymatically active telomerase RNP particles in an RNA-dependent fashion. 
Although a null mutation is lethal, AtNAP57 is not haploinsufficient for telomere 
maintenance. However, transgenic plants carrying an AtNAP57 allele with a T66A 
mutation exhibit decreased telomerase activity in vitro and in vivo, deregulated telomere 
tracts on individual chromosome ends, and shorter, but stable telomeres. We conclude 
that dyskerin is a conserved component of the telomerase RNP in multicellular 
organisms that is required for telomere maintenance. 
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MATERIALS AND METHODS 
Plant materials, genotyping, c-DNA synthesis, site-directed mutagenesis and 
transformation    
  Arabidopsis seeds with T-DNA insertions in the AtNAP57 (SALK_031065) and 
AtKU70 (SALK_ 123114) genes were purchased from the Arabidopsis
 
Biological 
Resource Center (Ohio State University, Columbus,
 
Ohio), cold-treated overnight at 4°C, 
and then placed in
 
an environmental growth chamber and grown under a 16 h light/8 h
 
dark photoperiod at 23°C. Arabidopsis suspension culture cells were maintained as 
described (31). Siliques from wild-type and AtNAP57 heterozygotes were dissected 10 
days after fertilization and photographed using a Zeiss Axiocam digital camera coupled 
to a Zeiss microscope.   
For genotyping, DNA was extracted from flowers and PCR was performed with 
the following sets of primers for AtNAP57: D5: 5’ GTCGACATCTCACACTCGAA 3’ 
and  
D 8: 5’ GTCTCACTTTGTTCCAGAGT 3’ and for AtKU70: Ku 1: 5’ 
TTACTTTGTTGTTTCGGGTGC 3’ and Ku 2: 5’ CTCTTGGCAAGTACACGCTTC 
3’.  
Total RNA was extracted from 0.5 g of plant tissue using
 
Tri Reagent solution 
(Sigma). cDNAs were synthesized
 
from total RNA using Superscript III reverse 
transcriptase
 
(Invitrogen). Oligo dT primers were incubated with 2 µg of total RNA in 
the supplied
 
buffer at 65°C for 5 min. Reverse transcription was carried
 
with 100 U of 
Superscript III at 55°C for 60 min. RNA was
 
degraded with RNase H (USB). For 
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amplifying AtNAP57, we used primers D5 (above) and D2: 5’ 
GCCATCACAGATGTTGTCATC 3’. 
The genomic copy of AtNAP57 (AtNAP57 cDNA + 1kb promoter) was 
amplified by PCR and ligated into a binary vector pCBK05 (38) lacking the 35S CaMV 
promoter.
 
To generate the T66A mutation, site-directed mutagenesis was performed with 
Pfu turbo polymerase (Stratagene) on the genomic version of AtNAP57 in pCBKO5 
using the primers M1: 5’ CCTCAACGTCCGTGCCGGTCAC 3’ and M2: 5’ 
GTGACCGGCACGGACGTTGAGG 3’ according to the manufacturer’s guidelines. 
The construct was introduced into Agrobacterium tumefaciens
 
strain GV3101. 
Transformation of AtNAP57 heterozygous plants was performed
 
by the in planta method 
as described in (38). Transformants were
 
selected on 0.5 Murashige and Skoog basal 
medium supplemented
 
with 20 mg/L of phosphinothricine (Crescent Chemical) and 
Kanamycin (50 µg/mL) and then genotyped. To generate epitope-tagged protein, 
AtNAP57 cDNA was amplified and ligated it into pCBKO5 with an N-terminal 3X 
FLAG tag. This construct was transformed into Agrobacterium and then transformed 
into wild-type plants as described above. 
TRF analysis, PETRA, TRAP and Quantitative TRAP assays 
DNA from individual whole plants was extracted and TRF analysis
 
was 
performed with Tru1I (Fermentas) restriction enzyme and
 
[
32
P] 5' end-labeled (T3AG3)4 
oligonucleotide as a probe (12). The peak value for bulk telomere length (Figure 5D) 
was determined by ImageQuant software.  PETRA analysis
 
was conducted on DNA 
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from whole plants as described (49). TRAP protein extraction and assays were 
performed
 
on flowers as previously described (11). 
  Real-time quantitative TRAP was performed as described (22), but with the 
following modifications. 10.5 µl of a 4.8 ng/μl protein extract dilution, 1 μl of 10 μM 
forward primer (5' CACTATCGACTACGCGATCAG 3'), and 12.5 μl SYBR Green 
PCR Master Mix (NEB) were incubated at 37°C for 45 min. 1 μl of reverse primer (5' 
CCCTAAACCCTAAACCCTAAA 3') was added and products were amplified for 35 
PCR cycles with 30 sec at 95°C and 90 sec at 60°C. Threshold cycle values (Ct) were 
calculated using an iCycler iQ thermal cycler (BIO-RAD) and the supplied Optical 
System Software.  Samples were analyzed in triplicate, with inactivated samples and 
lysis buffer serving as negative controls.  
Western blotting, immunoprecipitation and immunofluorescence 
Plant extracts were made by grinding 0.3 g of flowers in buffer A (50 mM Tris-
Cl pH7.5, 10 mM MgCl2, 100 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM DTT and 
plant protease inhibitors (SIGMA)). Western blotting was performed with a 1:1000 
dilution of anti-FLAG antibody (SIGMA) and a 1:10,000 dilution of HRP-conjugated 
anti-Mouse IgG (SIGMA). For immunoprecipitation, 50 µl of α-FLAG beads (SIGMA) 
were washed four times with buffer A and incubated with 500 µl of extract for 2 h at 
4°C. Beads were then washed three times with buffer A and eluted using the 3X FLAG 
peptide for 30 min.  
A peptide antibody against AtTERT was raised in rabbits and affinity purified 
(Covance). The peptide used was N-CIKHKRTLSVHENKRKRDDNVQP 
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corresponding to residues 180-202 of AtTERT. Peptide antibodies against mouse 
dyskerin (33) were a gift from Dr. Monica Bessler.  
Arabidopsis suspension culture extracts were made as above, diluted in buffer 
W-100 (20 mM TrisOAc pH 7.5, 10% glycerol, 1 mM EDTA, 5 mM MgCl2, 0.2 M 
NaCl, 1% NP-40, 0.5 mM sodium deoxycholate and 100 mM potassium glutamate) and 
pre-cleared with Protein-A agarose (PIERCE). Extracts were incubated with antibody 
and pre-blocked beads. Beads were washed three times with W-300 (W-100 containing 
300 mM potassium glutamate) and once with TMG (10 mM TrisOAc pH 7.5, 1 mM 
MgCl2 and 10% glycerol). The beads were then used for either TRAP or western 
blotting. Proteins were expressed in rabbit reticulocyte lysate (RRL) (Promega) 
according to the manufacturer’s protocol and used in immunoprecipitation experiments 
as above. The fraction of enzymatically active telomerase particles that was associated 
with AtNAP57 was determined by calculating the efficiency with which the TERT 
antibody immunoprecipitated telomerase activity in a TRAP assay (relative to input) 
using ImageQuant software.  This value was compared to the amount of AtNAP57 
signal obtained by western blot analysis following immunoprecipitation of these same 
samples using QuantityOne software. 
For immunofluorescence, Arabidopsis suspension culture cells and floral buds 
were fixed with 3.5% formaldehyde in 1X PBS for 30 min and then washed with 1X 
PBS. Cells were soaked in 1X citric buffer (10 mM sodium citrate and 10 mM EDTA) 
for 10 min. Citric buffer was removed and enzyme mix (1% pectinase, 4% cellulose and 
1% macerozyme) was added and incubated at 37°C for 40 min. Cells were rinsed with 
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1X PBS and spun down onto poly-lysine coated slides in a swinging bucket rotor 
centrifuge for 3 min at 300 xg. Slides were removed from the centrifuge and 
immediately soaked in 1X PBS with 0.2% Triton X-100 for 30 min to permeabilize the 
cells. Slides were washed with 1X PBS and treated with Image-IT solution (Molecular 
probes). Primary antibodies (1:200 dilution for AtTERT and 1:400 dilution for dyskerin) 
were added to the slides, covered with a plastic coverslip, and incubated overnight at 
room temperature. After washes in 1X PBS and PI, secondary antibody (Goat anti-rabbit 
IgG conjugated to Texas Red 1:200 dilution) was added and incubated for 4 h. Slides 
were washed, Vectashield containing DAPI was applied, and images were captured 
using a CCD camera coupled to a Zeiss epifluorescent microscope.  
Co-immunoprecipiation and yeast two-hybrid assays 
Co-immunoprecipitation was performed as previously described (23) using full-
length AtTERT, AtNAP57, AtKU70, AtKU80 and AtPOT1a proteins expressed in RRL. 
All components of the yeast two-hybrid system were obtained from Clontech 
Laboratories. AtNAP57 was subcloned from FLAG-AtNAP57-pCBKO5 into pAS2-1. 
KU70-pAS2-1, KU80-pAS2-1 and NAP57-pAS2-1 were transformed into the yeast 
strain AH109. AtKU80 and AtPOT1a were cloned into the prey vector pACT2 and then 
transformed into Y187 strain. Yeast mating assays were performed as detailed in the 
Clontech yeast protocols handbook (# PT3024-1). Double selection (SD/-leucine/-
tryptophan) was used to obtain diploids and triple selection (SD/- leucine/-tryptophan/–
histidine) was used to screen for interaction. To confirm interactions, -galactosidase 
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assays (colony-lift filter assay) were performed on the colonies that grew on triple 
selection plates and development of the blue color was followed for several hours. 
  
RESULTS 
Characterization of Arabidopsis AtNAP57 
AtNAP57 is encoded by a single gene (At3g57150) on the third Arabidopsis 
chromosome (28) and has only a single exon and no introns. RT-PCR experiments 
revealed that expression of the 1.6 kb AtNAP57 transcript is ubiquitous (Figure A1-1A), 
as for mammalian dyskerin (16). AtNAP57 mRNA translates to a highly basic protein 
with a molecular mass of 63 kDa. A heterologous antibody directed at mouse dyskerin 
(33) immunoprecipitated recombinant AtNAP57 expressed in rabbit reticulocyte lysate 
(RRL) (Figure A1-1B) as well as the endogenous plant protein (see Figure A1-2D). This 
antibody was used to examine the subcellular localization of AtNAP57 in Arabidopsis 
suspension culture cells. Consistent with a role for the plant AtNAP57 in rRNA 
processing, a bright signal for AtNAP57 was detected exclusively in the nucleolus 
(Figure A1-1C). A similar finding was observed by Lermontova et al. in a recent study 
of Arabidopsis dyskerin (25). We next asked whether AtTERT also localized to this 
compartment using a peptide antibody raised against AtTERT. The anti-TERT antibody 
recognized recombinant AtTERT expressed in RRL (Figure 1B) as well as the 
endogenous protein from suspension culture extracts (data not shown).  
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Fig A1-1. Expression and localization of AtNAP57. (A) RT-PCR analysis
of the AtNAP57 transcript in different plant tissues. AtTRP1H encodes
a putative double-strand telomere binding protein (23) and was
used as a loading control. (B) Recombinant AtNAP57 and AtTERT
proteins were expressed in RRL and labeled with [35S]methionine (*).
Proteins were immunoprecipitated with an antibody (Ab) raised against
mouse dyskerin ( -dyskerin) or an antibody raised against an N-terminal
peptide in AtTERT ( -TERT). Relevant lanes are shown. (C) 
Immunolocalization of AtNAP57 and AtTERT in Arabidopsis suspension 
culture cells and in floral buds. Nuclei were stained with DAPI or the 
antibodies discussed above.
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Immunolocalization experiments reveal that AtTERT, like AtNAP57, localized to the 
nucleolus (Figure A1-1C). Nucleolar localization of AtTERT was not detected in tert
-/-
 
flowers indicating that staining is specific. These findings imply that telomerase 
biogenesis may occur in the plant nucleolus. 
 
AtNAP57 is a component of the Arabidopsis telomerase RNP.  
We asked if AtNAP57 physically associates with the Arabidopsis telomerase RNP. 
A fusion construct was generated containing three copies of the FLAG epitope inserted 
at the N-terminus of AtNAP57 coding region under the control of the robust cauliflower 
mosaic virus 35S promoter. This construct was transformed into wild-type Arabidopsis 
and transformants were analyzed by western blotting using a FLAG antibody. 
Approximately 1 in 10 of the herbicide resistant transformants generated detectable 
levels of the FLAG-AtNAP57 protein (Figure A1-2A; data not shown). These plants 
were used for further study. Complexes containing FLAG-AtNAP57 were 
immunoprecipitated from transgenic plants and eluted using 3X FLAG peptide. As 
expected, AtNAP57 was immunoprecipitated from transgenic plants, but not from their 
wild-type counterparts (Figure A1- 2B).  
To monitor AtNAP57 association with telomerase, the telomere repeat amplification 
protocol (TRAP) was performed on FLAG-AtNAP57 and wild-type immunoprecipitates. 
Telomerase activity was immunoprecipitated from FLAG-AtNAP57 plants, but not from 
wild-type plants lacking FLAG-AtNAP57 (Figure A1-2C). To verify that the AtNAP57 
interaction with telomerase was specific, we performed a reciprocal 
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immunoprecipitation experiment using the TERT peptide antibody to pull-down 
AtNAP57 from suspension culture cell extract. Telomerase activity was 
immunoprecipitated, and as expected, pre-treatment of the extract with RNase A 
abolished telomerase activity (Figure A1-2D). Notably, western blot analysis revealed a 
strong enrichment of AtNAP57 in the -TERT immunoprecipitate, but not when the 
extract was pre-treated with RNase A prior to immunoprecipitation (Figure A1-2D, 
bottom panel). To determine the relative amount of telomerase that was associated with 
AtNAP57, we compared the efficiency of the AtTERT IP, which was determined to be 
approximately 10% from the experiment in Figure A1-1B, to the amount of AtNAP57 
recovered. From these data, we estimate that more than 90% of the active telomerase 
precipitated by the TERT antibody is associated with AtNAP57. These findings indicate 
that AtNAP57 is associated with catalytically active telomerase RNP particles and that 
this interaction requires RNA. 
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Fig A1-2. AtNAP57 associates with Arabidopsis telomerase RNP. (A) Western 
blot analysis with FLAG antibody on plant extracts from the wild type (WT) or 
transformants bearing FLAG-tagged AtNAP57 (FN). (B) Western blot analysis 
of input or immunoprecipitates (IP) obtained with FLAG antibody on extracts 
from the WT and FLAG-tagged AtNAP57 transformants. Four percent of input 
and 30% of IP was loaded on the gel. (C) TRAP assay results for WT and FN 
extracts before (input) or after immunoprecipitation (IP) with FLAG antibody. 
Immunoprecipitates were assayed in duplicate. (D) Top panel, TRAP assay 
results for cell culture extracts immunoprecipitated with preimmune serum (PI) 
and anti-TERT ( -TERT) peptide antibody. The sample shown in the far-right 
lane was pretreated with 100 g/ml of RNase A prior to immunoprecipitation. 
Bottom panel,  -TERT immunoprecipitates were subjected to Western blot 
analysis using the dyskerin antibody ( -dyskerin). Fifteen percent of input and 
60% of IP was loaded on the gel.
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In mammals, dyskerin primarily associates with telomerase through TR. Because TR 
has not yet been identified in Arabidopsis, we asked whether AtNAP57 interacts with 
the known telomerase-associated proteins in vitro using co-immunoprecipitation. As 
expected in our control reactions (38) we detected the formation of AtKU70-AtKU80 
heterodimers, while no interaction was observed for AtKU70 alone (Figure A1-3A). We 
failed to observe binding of T7-tagged AtNAP57 to radiolabeled full-length TERT 
protein (Figure A1-3A), and similarly in reciprocal co-immunoprecipitation experiments 
with T7-tagged AtTERT and labeled AtNAP57, no interaction was detected (data not 
shown). Furthermore, we did not detect binding of AtNAP57 to segments corresponding 
to the N-terminus, middle and C-terminus of TERT. Although there was a high 
background in the AtPOT1a control reaction with beads alone, AtPOT1a abundance was 
reproducibly higher in the immunoprecipitate of T7-tagged AtNAP57(Figure A1-3A; 
data not shown). The AtNAP57-POT1a interaction appears to be specific as a closely 
related protein, AtPOT1b (40) was not precipitated with T7-tagged AtNAP57 (data not 
shown). We confirmed the AtNAP57-AtPOT1a interaction using a yeast two-hybrid 
mating assay. Yeast strains containing different plasmids were mated and diploids were 
selected on triple selection (Figure A1-3B). To monitor reporter gene activity, 
galactosidase assays were performed. Blue staining, indicative of interaction, was 
observed for AtKU70-AtKU80 within one hour, and after four hours staining was 
detected for AtNAP57-AtPOT1a (Figure A1-3B). Thus, the interaction between 
AtNAP57 and AtPOT1a is weak, but specific. Taken together, these data argue that 
AtNAP57 is physically associated with the Arabidopsis telomerase RNP. 
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Fig A1-3. FIG. 3. AtNAP57 weakly associates with AtPOT1a. 
(A) Coimmunoprecipitation experiments were performed with 
the full-length recombinant AtKU70, AtTERT, and AtPOT1a 
proteins, labeled using [35S]methionine (*), and T7-tagged 
AtKU80, AtKU70, and AtNAP57. Proteins were incubated with 
either T7 antibody (Ab) beads (control) or T7 beads and the 
indicated T7-tagged unlabeled proteins. The supernatant (S) 
and pellet (P) fractions were loaded in equal amounts. (B) 
Results of yeast two-hybrid analysis are shown. The indicated 
yeast crosses were performed and plated on medium
lacking leucine, tryptophan, and histidine. Results of a colony 
lift-galactosidase (-gal) assay are shown. The blue color is 
indicative of protein interaction.
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AtNAP57 is not haploinsufficient for telomere maintenance in Arabidopsis. 
To investigate the role of AtNAP57 in telomere maintenance, we obtained a 
mutant line (SALK_031065) carrying a T-DNA insertion in the extreme 5’ end of the 
gene corresponding to the 18
th
 amino acid of the AtNAP57 ORF (Figure A1-4A). 
Although we genotyped a population of more than 50 progeny from this line, we did not 
recover any homozygous mutants (data not shown). Dissection of siliques (seed pods) 
from the heterozygous mutants revealed a reduced seed set in which approximately 25% 
of the seeds failed to form viable embryos (Figure A1-4B) This outcome implies that 
AtNAP57 is an essential gene, a conclusion consistent with a recent report for plants 
with homozygous mutation in AtNAP57 (25).  
Heterozygous AtNAP57 mutants were indistinguishable from wild-type in their 
growth and development over successive plant generations. Furthermore, terminal 
restriction fragment (TRF) analysis conducted on ten first generation (G1) nap57
+/-
 
mutants revealed some variability in bulk telomere length, but in all cases, telomeres 
were in the wild-type 2-5 kb size range (Figure A1-4C, left panel; data not shown). A 
similar result was obtained when telomeres from G2 nap57
+/-
 were examined (Figure 4C, 
right panel; data not shown). These data imply that AtNAP57 is not haploinsufficient for 
telomere length maintenance in Arabidopsis.  
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Fig A1-4. FIG. 4. AtNAP57 is an essential gene in Arabidopsis. (A) Schematic 
diagram of the AtNAP57 coding region showing the position of the T-DNA insertion, 
pseudouridine synthase domain (TruB), pseudouridine synthase, archeosine
transglycosylase domain (PUA), and nuclear localization signal (NLS). (B) Siliques
(seed pods) from wild-type (WT) or nap57/ plants were visualized by microscopy. A 
reduced seed set was observed for nap57/ plants, implying that the homozygous 
mutation is lethal. (C) TRF analysis of WT, first-generation (G1), or second-
generation (G2) nap57/ plants. Molecular size markers are indicated.
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The T66A mutation in AtNAP57 results in a new shorter telomere length set point. 
The T66A missense mutation in dyskerin culminates in DC in humans and is 
associated with a defect in telomere maintenance (32). Since threonine 66 is conserved 
in AtNAP57 (Figure A1-5A), we asked whether an alanine substitution at this site would 
lead to a telomere-related phenotype in plants. Plants heterozygous for the T-DNA 
insertion in AtNAP57 were transformed with an AtNAP57 gene carrying the T66A 
mutation under the control of its native promoter (Figure A1-5B). We expected to obtain 
plants heterozygous or homozygous with respect to the T-DNA insertion, and which also 
carried the exogenous T66A NAP57. Surprisingly, we failed to recover plants that were 
homozygous for the T-DNA insertion in AtNAP57 and also contained the T66A 
transgene. Thus, the AtNAP57 gene bearing the T66A mutation is unable to rescue plants 
homozygous for the T-DNA insertion.  
To test the effect of T66A NAP57 on bulk telomere length, TRF analysis was 
performed on first generation of transformants expressing T66A NAP57 (T1). Based on 
previous transformation experiments (Figure A1-2; refs. (42, 49)), we expected that any 
detrimental consequences of the T66A mutation would be evident in a population of 10-
20 transformants (T1 generation). Accordingly, we examined twenty independent 
transgenic lines. While for most plants bulk telomeres were in the wild-type range 
(Figure A1-5C, lanes 2 and 3; data not shown), a subset of telomeres in several plants 
were significantly shorter than wild-type and their shortest telomere tracts trailed down 
to below 1.6 kb in length (Figure A1-5C, lanes 4 and 5). To determine whether 
telomeres would continue to shorten in subsequent generations, we monitored the 
258 
 
progeny of one T1 plant (Figure A1-5C, lane 4; Figure A1-5D). For all of the T2 
progeny, the shortest telomere tracts migrated below 2 kb (Figure A1-5C, lanes 7-10), 
and for one plant, the range of telomere lengths was nearly identical to its T1 parent, 
spanning ~1.2 to 3.5 kb (Figure A1-5C, compare lanes 4 and 7). When this T2 plant was 
propagated to T3, the telomere tracts of all four progeny were of similar lengths to their 
T2 parent (Figure A1-5C, lanes 12-15; Figure A1-5D). The loss of longer telomeres was 
more pronounced in T3 plants (Figure A1-5D). The average bulk telomere length in 
wild-type plants (~ 4 kb) was reduced by 2 kb in T3 T66A mutants to ~2.1 kb (Figure 
A1-5D). We detected no additional shortening in two T4 plants monitored (data not 
shown). Furthermore, none of the shortest telomeres fell below 1 kb in the four 
generations the transgenic plants were propagated (Figure A1-5D). Thus, the T66A 
mutation perturbs telomere length regulation, but does not result in progressive telomere 
shortening. Instead, this mutation appears to promote the establishment of a new shorter 
length set point.  
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Fig A1-5. The T66A mutation in AtNAP57 results in the establishment of a shorter telomere length set point. (A) 
Sequence alignment of human dyskerin and AtNAP57 proteins. Conserved residues are highlighted in gray boxes, 
and the threonine residue targeted for mutagenesis is denoted by an asterisk. (B) Overview of the process for 
introduction of the T66A mutation in AtNAP57 into nap57/ plants. (C) TRF analysis of first, second, and third (T1, T2, 
and T3) generations of T66A transformants. The T1 plant whose telomeres were analyzed in the left panel, lane 4, 
was used as the parent for T2 progeny plants analyzed in the middle panel. The T2 plant represented in the middle 
panel, lane 7, was the parent for the T3 progeny analyzed in the right panel. DNA samples were not run as far into 
the gel shown the right panel as in the other two gels. (D) Graphic representation of bulk telomere length size range 
and peak telomere length (indicated by -) for WT and T66A transformants is shown. Arrows indicate telomere length 
measurements for plants used as T1 and T2 parents.
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The T66A mutation in AtNAP57 deregulates telomere length on individual chromosome 
ends. 
To further examine telomere length dynamics in T66A NAP57 mutants, we 
monitored telomeres on three individual chromosome arms: the right arm of 
chromosome 2 (2R), the left arm of chromosome 3 (3L), and the right arm of 
chromosome 4 (4R) using Primer Extension Telomere Length Amplification (PETRA). 
As expected, PETRA produced a single diffuse band for each telomere in wild-type 
samples (Figure A1-6A, lanes 1-3), consistent with tight regulation of telomere tracts on 
homologous chromosomes (41). A similar profile was observed in nap57
+/-
 mutants 
(Figure A1-6A, lanes 4-6). A different result was obtained with T66A mutants. In the 
T1, T2 and T3 mutants that displayed shorter bulk telomere lengths, individual telomere 
tracts appeared as a cluster of several sharp bands (Figure A1-6A, lanes 10-18; Figure 
A1-6B). In contrast, the siblings of these plants whose bulk telomeres fell within the 
wild-type range showed a PETRA profile that more closely resembled to wild-type 
plants (Figure A1-6A, lanes 7-9; Figure A1-6B). This finding implies that the telomere 
length regulation on homologous chromosomes is perturbed in T66A nap57 mutants. As 
discussed below, this phenotype is consistent with decreased telomerase activity. 
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FIG.A1-6. The T66A mutation in AtNAP57 affects telomere length regulation on individual chromosome 
ends and decreases telomerase activity in vitro. (A) PETRA results are shown for the WT and individual 
nap57/, T1, T2, and T3 T66A nap57 transformants with short telomeres (S) and a T3 T66A nap57 
transformant with wild-type-length telomeres (L). The telomeres monitored are indicated. 2R, right arm of 
chromosome 2; 3L, left arm of chromosome 3; 4R, right arm of chromosome 4. (B) Graphic representation 
of PETRA products obtained in each reaction as determined by visual inspection. (C) TRAP assay results for 
the WT and nap57/ and T66A nap57 transformants. Reactions were conducted using 1:50, 1:500, and 
1:5,000 dilutions of protein extracts. (D) Results of real-time TRAP. The top panel shows raw data for three 
(each) of the WT and nap57/ and T66A nap57 transformants. The dashed line represents the threshold 
cycle for TRAP product detection. The bottom panel shows a histogram of the telomerase activity levels for 
nap57/ and T66A transformants relative to those for the WT. Extracts from 10 individual plants from each 
genotype were monitored.
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The T66A mutation in AtNAP57 decreases telomerase activity in vitro and in vivo. 
To determine whether the T66A mutation in AtNAP57 decreased telomerase 
enzyme activity in vitro, TRAP assay was performed. Extract titration experiments 
revealed no detectable difference in the level of telomerase activity in wild-type versus 
nap57
+/-
 mutants (Figure A1-6C), supporting the conclusion that AtNAP57 is not 
haploinsufficient in Arabidopsis. In contrast, TRAP conducted at the highest dilution 
(1:5000) of protein extract reproducibly revealed decreased in vitro telomerase activity 
in T66A transformants relative to nap57
+/-
 siblings (Figure A1-6C). To more precisely 
gauge the level of telomerase activity in these mutants, we performed quantitative real-
time TRAP following a method developed to monitor telomerase activity levels in 
human cells (22). As expected, we found no significant difference in telomerase activity 
in extracts prepared from nap57
+/-
 versus wild-type plants. In contrast, T66A nap57 
mutants showed a seven-fold decrease in enzyme activity (Figure A1-6D). 
To examine the effect of the T66A nap57 mutation on telomerase activity in 
vivo, we studied the consequences of this mutation in ku70 mutants. KU70 is best known 
for its role in the non-homologous end joining (NHEJ) DNA repair pathway (36), but in 
Arabidopsis it also acts as a potent negative regulator of telomerase (13, 38). Telomeres 
in ku70 mutants expand to two to three-fold the size of wild-type in a single generation 
and this elongation is dependent on telomerase (38, 49). Thus, we predicted that 
incorporation of T66A nap57 into the telomerase RNP would diminish the enzyme’s 
ability to elongate telomeres in a ku70 background. To test this hypothesis, we crossed 
the T66A nap57 transformants with ku70
-/- 
plants (Figure A1-7A). In the first (F1) 
263 
 
generation, we generated plants heterozygous for AtKU70 and AtNAP57 and selected for 
the T66A mutant transgene. In the second generation (F2), we recovered plants that were 
ku70
-/- 
nap57
+/-
 and carried the mutant T66A transgene. TRF analysis of the F2 
population showed that ku70
-/-
 nap57
+/-
 plants elongated their telomeres to 5-8 kb 
(Figure A1-7B, lane 8), while telomeres remained short in the presence of the T66A 
transgene (Figure A1-7B, lanes 1-7).  We conclude that expression of the T66A nap57 
allele prevents telomerase from hyper-elongating telomeres when its negative regulator 
KU70 is inactivated.  Altogether, our data argue that AtNAP57 is essential for maximal 
activity of the Arabidopsis telomerase RNP in vivo.  
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Fig A1-7. The T66A mutation in AtNAP57 reduces telomerase activity
in vivo. (A) Schematic diagram of genetic crossing scheme to generate
ku70/ mutants carrying the T66A nap57 allele. (B) TRF analysis of seven 
ku70/ T66A nap57 plants and one ku70/ nap57/ control plant is shown.
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DISCUSSION 
A conserved pathway for telomerase biogenesis in higher eukaryotes 
The telomerase RNP is evolving at a rapid pace. The TR and TERT subunits 
have diverged dramatically, and a distinct set of proteins has emerged in higher and 
lower eukaryotes to promote RNP biogenesis and enzyme action at the chromosome 
terminus (6, 8). The yeast TR (TLC1) bears a Sm-protein binding motif and has adopted 
an RNP biogenesis scheme similar to snRNPs (40), while vertebrate TRs have acquired 
a 3’ H/ACA box domain found in snoRNAs and are bound by the dyskerin complex. 
Thus, although dyskerin’s function in catalyzing pseudouridylation of ribosomal RNAs 
is conserved, in mammals it has evolved an additional, more specialized role as an 
integral component of the telomerase RNP (7, 32). 
In this study we provide several lines of evidence that telomerase enzymes from 
higher eukaryotes share a requirement for dyskerin. First, we found that AtNAP57 and 
AtTERT proteins co-localize to the nucleolus in Arabidopsis. Nucleolar localization of 
telomerase could be especially advantageous for Arabidopsis, since telomeres cluster at 
the nucleolar periphery (2). Second, we showed that AtNAP57 physically associates 
with enzymatically active telomerase particles. The major interaction partner for 
AtNAP57 in the plant telomerase RNP is likely to be TR, since AtNAP57 association 
with telomerase is abolished following RNase A treatment. Intriguingly, we also 
discovered a novel, but weak, interaction for AtNAP57 with AtPOT1a. AtPOT1a is an 
OB-fold bearing protein that physically interacts with catalytically active telomerase in 
Arabidopsis and promotes enzyme function in vitro and in vivo (43). Recent studies 
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indicate that human telomerase associates with TPP1, an hPOT1 binding partner that 
also harbors a OB-fold motif (48, 50). Whether the human dyskerin contacts TPP1 is 
unknown. Third, and most importantly, we demonstrated that AtNAP57 is crucial for the 
function of Arabidopsis telomerase. Transgenic plants bearing a mutant AtNAP57 allele 
display reduced levels of telomerase activity in vitro and perturbed telomere length 
regulation in vivo (see below). 
 
Arabidopsis is not haploinsufficient for its known telomerase components.  
Essential components of the telomerase RNP are limiting in mammals and yeast. 
In both terc
+/-
 (TR) and tert
+/-
 ES mouse cells, telomere maintenance is compromised 
(10, 17, 27). Indeed, haploinsufficiency of hTR is directly linked to autosomal dominant 
DC and the reduced hTR levels along with shorter telomeres in these patients results in 
disease anticipation (46). Similarly, recent studies indicate that TLC1, the TR 
component in S. cerevisiae, is haploinsufficient for telomere maintenance (34). 
Moreover, yeast heterozygous for both TLC1 and EST1, a telomerase-associated protein, 
exhibit a phenomenon referred to as additive haploinsufficiency, where telomere tracts 
are even shorter than in either single heterozygote (24, 26).  
In contrast, the known telomerase-associated proteins in Arabidopsis, AtTERT 
(12), AtPOT1a (43), and AtNAP57 (this study) are not haploinsufficient for telomere 
maintenance. Plants heterozygous for these components display wild-type levels of 
telomerase activity in vitro, and maintain telomeres in the wild-type size range through 
multiple generations. While it is possible that TR will prove to be present in limiting 
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quantities, Arabidopsis may simply require a very low level of telomerase to maintain 
genome stability. We note that the Arabidopsis genome is comprised of only 10 
chromosomes (twenty telomeres), significantly fewer than in diploid budding yeast (64 
telomeres) or in human (92 telomeres) cells. 
 
The T66A mutation in AtNAP57 acts as a dominant negative allele to decrease 
telomerase activity in vitro and in vivo. 
 The T66A mutation in human dyskerin leads to DC through reduction in the 
steady state level of hTR, decreased telomerase activity and progressive telomere 
shortening (32). To determine if Arabidopsis would exhibit similar defects in telomerase, 
we generated transgenic plants harboring the corresponding mutant allele. As for 
humans (32), the T66A mutation in AtNAP57 did not grossly affect rRNA processing in 
Arabidopsis (K. Kannan and D.Shippen, unpublished data). Nonetheless, this mutation is 
highly deleterious; expression of this allele could not rescue the lethality associated with 
plants lacking both copies of the wild-type AtNAP57. Furthermore, although plants 
harboring one wild-type copy of AtNAP57 and the T66A nap57 transgene were viable, 
they displayed decreased telomerase activity both in vitro and in vivo. We suspect that 
this outcome is a consequence of reduced stability of telomerase RNA, but testing this 
hypothesis awaits identification of this molecule. Nonetheless, in marked contrast to the 
fate of human telomeres in T66A DC cells (32), telomeres in T66A nap57 transgenic 
plants did not undergo progressive shortening. Instead, telomeres were stably maintained 
at a length approximately 2 kb shorter than in wild-type. 
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Data from PETRA on individual chromosome ends argue that this new length set 
point for telomeres is a consequence of limiting telomerase activity. In the PETRA 
assay, wild-type telomeres on homologous chromosomes appear as a single 
heterogeneous band (Figure6A, ref. 41). Because DNA is analyzed from an entire plant, 
these results mean that individual telomere tracts are subjected to extremely tight 
regulation during plant growth and development (39). Strikingly, in T66A nap57 
mutants PETRA generates a complex profile of multiple sharp bands, indicating that 
telomere length is deregulated on individual chromosome ends. Previous studies in yeast 
(44), mammals (21), and in Arabidopsis (41) show that telomerase acts preferentially on 
the shortest telomeres in the population. We hypothesize that substrate preference is 
exacerbated in plants with reduced levels of telomerase (e.g. T66A nap57 mutants), 
resulting in elongation of only a subset of telomeres in a fraction of cells. Bulk telomeres 
can then establish a new length set point when equilibrium between the compromised 
telomerase and forces that shorten telomeres (eg. the end-replication problem, nuclease 
action and recombination) is attained. Because the demand for telomerase activity is 
significantly greater in humans, we suspect such cells bearing the T66A nap57 mutation 
fail to achieve a new telomere length set point and suffer progressive telomere erosion. 
How does the T66A mutation in AtNAP57 inhibit telomerase activity in 
Arabidopsis? Since AtNAP57 is not haploinsufficient for telomerase function in plants, 
but telomerase is inhibited when the T66A nap57 allele is introduced into this 
background, the data argue that T66A NAP57 acts as a dominant negative inhibitor. 
Catalytically active human telomerase is a 670 kDa dimer comprised of two TERT, two 
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TR, and two dyskerin molecules (7). Arabidopsis telomerase is approximately the same 
molecular mass and like hTERT (4), AtTERT is capable of dimerization in vitro (C. 
Cifuentes-Rojas, K. Kannan and D. Shippen, unpublished data). Thus, the plant 
telomerase may also harbor two copies of AtNAP57. Accordingly, incorporation of a 
mutant form of this protein into the telomerase RNP may compromise enzyme function.  
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APPENDIX II 
PROTECTION OF TELOMERES 1 IS REQUIRED FOR TELOMERE 
INTEGRITY IN THE MOSS PHYSCOMITRELLA PATENS* 
Summary 
In vertebrates, the single-stranded telomeric DNA binding protein Protection of 
Telomeres 1 (POT1) shields chromosome ends and prevents them from eliciting a DNA 
damage response. By contrast, Arabidopsis thaliana encodes two divergent full-length 
POT1 paralogs that do not exhibit telomeric DNA binding in vitro and have evolved to 
mediate telomerase regulation instead of chromosome end protection. To further 
investigate the role of POT1 in plants, we established the moss Physcomitrella patens as 
a new model for telomere biology and a counterpoint to Arabidopsis. The sequence and 
architecture of the telomere tract is similar in P. patens and Arabidopsis, but P. patens 
harbors only a single-copy POT1 gene. Unlike At POT1 proteins, Pp POT1 efficiently 
bound single-stranded telomeric DNA in vitro. Deletion of the P. patens POT1 gene 
resulted in the rapid onset of severe developmental defects and sterility. Although 
telomerase activity levels were unperturbed, telomeres were substantially shortened, 
harbored extended G-overhangs, and engaged in end-to-end fusions. We conclude that 
the telomere capping function of POT1 is conserved in early diverging land plants but is 
subsequently lost in Arabidopsis. 
______ 
*Reprinted with permission from Shakirov E.V., Perroud P.F., Nelson A.D.L., Cannel M.E., 
Quatrano R.S., and Shippen D.E. 2010. Protection of Telomeres 1 is required for telomere 
integrity in the moss Physcomitrella patens. Plant Cell 22, 1838-1848. Copyright © 2010 by 
The American Society of Plant Biologists.   
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INTRODUCTION 
Telomeres are nucleoprotein complexes that physically cap the ends of 
eukaryotic chromosomes. Telomeric DNA promotes genome stability through elaborate 
interactions with a plethora of telomere-associated proteins. The evolutionarily 
conserved POT1 (Protection Of Telomeres 1) protein is a key component of shelterin, 
the vertebrate telomere capping complex (de Lange, 2005).  POT1 binds to the single-
stranded (ss) G-rich region of the chromosome terminus via structurally conserved N-
terminal oligonucleotide/oligosaccharide binding folds (OB-folds) (Lei et al., 2003; Lei 
et al., 2004).  Through interactions with its binding partner TPP1 (Houghtaling et al., 
2004; Liu et al., 2004; Ye et al., 2004), POT1 forms a bridge to the double-stranded (ds) 
region of the telomere tract. Deletion of POT1 in Schizosaccharomyces pombe causes 
rapid telomere loss and cell death, suggesting that its main function is to protect 
telomeres from degradation (Baumann and Cech, 2001). In vertebrates, the most critical 
POT1 function appears to be its ability to block ATR (Ataxia Telangiectasia and Rad3 
related)-dependent recognition of telomeric DNA as sites of DNA damage (Denchi and 
de Lange, 2007; Churikov and Price, 2008). POT1 also plays a role in both telomere 
length regulation by modulating telomerase activity and in chromosome end protection 
by preventing nucleolytic attack of the C-rich telomeric DNA strand (reviewed in (de 
Lange, 2009).  
Arabidopsis thaliana is the reference species for plant biology and consequently, 
telomere research has focused on this model. Although orthologues of several yeast and 
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vertebrate telomere-related genes have been described (Riha et al., 2001; Song et al., 
2008), a technical obstacle for the functional characterization of other candidates is that 
T-DNA insertion mutants are currently unavailable for a substantial fraction of 
Arabidopsis genes (O'Malley and Ecker, 2010). Genetic analysis is also complicated by 
the multiple whole genome duplications associated with Brassicaceae, the family to 
which Arabidopsis belongs (Beilstein et al, 2010). For example, sequence homologues 
of the mammalian shelterin subunits TRF1 and TRF2 are encoded by at least six 
different TRFL (TRF-like) genes in A. thaliana, which appear to be partially redundant 
(Karamysheva et al., 2004). Furthermore, Arabidopsis encodes three divergent POT1 
paralogues, including two full-length proteins, At POT1a and At POT1b, and a truncated 
isoform termed At POT1c (Shakirov et al., 2005; Rossignol et al., 2007). 
This pattern of extensive gene duplication and divergence in Brassicaceae 
suggests that lessons learned from Arabidopsis may not always be applicable to telomere 
biology in other plants. Indeed, while POT1 is critical for telomere integrity in yeast and 
vertebrates, this is not true for At POT1a and At POT1b. Like the other Brassicaceae 
POT1 proteins examined to date, At POT1a and At POT1b exhibit no detectable binding 
to ss telomeric DNA in vitro (Surovtseva et al., 2007; Shakirov et al., 2009a). Notably, 
At POT1a physically associates with the telomerase RNP and is critical for telomere 
length maintenance in vivo (Surovtseva et al., 2007). Although initial experiments with 
over-expression of dominant-negative mutants suggested that At POT1b is involved in 
chromosome end protection (Shakirov et al., 2005), recent analysis of a null allele 
revealed that At POT1b is a negative regulator of telomerase activity and plays no 
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significant role in telomere protection (E. Shakirov, A. Nelson and D. Shippen, 
unpublished results). Thus, At POT1a and At POT1b have evolved to function in the 
telomerase pathway. To fully elucidate the spectrum of POT1 functions in the plant 
kingdom, it will be necessary to examine the contribution of POT1 in other plant 
species. 
Mosses (bryophytes) belong to the oldest diverging clade of extant land plants, 
whose ancestors made the first move from aquatic to terrestrial habitats some 450 
million years ago (Zimmer et al., 2007). Unlike its younger cousins angiosperms 
(flowering plants), the moss Physcomitrella patens possesses a remarkably efficient 
system of homologous recombination, which accounts for an unprecedented success rate 
in targeted gene replacement among higher eukaryotes (Quatrano et al., 2007). Gene 
targeting in P. patens is not only five orders of magnitude more efficient than in 
angiosperms, but also two orders of magnitude more efficient than in the embryonic 
stem cells of mice, and comparable with that observed in Saccharomyces cerevisiae 
(Schaefer, 2002). Virtually any non-essential P. patens gene can be deleted, and the 
resulting moss phenotype can be screened within several weeks following 
transformation.  
With its recently sequenced genome (Rensing et al., 2008), and excellent 
molecular and genetic tools (Quatrano et al., 2007), P. patens is poised to become the 
new “green yeast” of plant biology (Schaefer, 2001). Due to its phylogenetic position 
within the plant kingdom, P. patens also provides a unique opportunity to trace the 
evolution of telomere-related genes from the first primitive land plants to the most 
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developmentally advanced angiosperms. Here we describe the initial characterization of 
telomere biology in P. patens and show that this species possesses canonical plant 
TTTAGGG telomere repeats. However, unlike Arabidopsis, P. patens harbors only a 
single POT1 gene. Deletion of Pp POT1 results in catastrophic loss of bulk telomeric 
DNA, increased G-overhangs and end-to-end chromosome fusions. These findings point 
to an essential role for Pp POT1 in chromosome end protection similar to its yeast and 
vertebrate orthologues, but distinct from Arabidopsis.  
 
METHODS  
Moss techniques and generation of POT1 deletion and complementation constructs  
Growth of Physcomitrella patens isolates Gransden (Gd) and Villersexel (Vx-1) 
and protoplast generation and transformation were performed as described previously 
(Perroud and Quatrano, 2008). The gene deletion construct was designed to remove the 
full ORF of Pp POT1 from start codon to stop codon. 1.2 kb of genomic DNA 
immediately upstream of the start codon was PCR amplified with primers 
GCATCCTAGGCGTGTGATCCCGCAAT-3’ and 5’-
GCATCTCGAGGAGAACAGACGATTATGTAAG-3’ and inserted 5’ to the 
Hygromycin resistance HptII gene in the pBHRF vector (Schaefer et al., 2010), using 
AvrII and XhoI restriction enzymes. Similarly, 1.2 kb of genomic DNA immediately 
downstream of the Pp POT1 stop codon was PCR amplified with primers 5’-
GCATGCGGCCGCGAGCCAATTTTTTTTTTGGCTTTG-3’ and 5’-
GCATACTAGTATGAAGATAATAGTGC-3’ and inserted 3’ to the Hygromycin 
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resistance cassette using NotI and SpeI restriction enzymes. The final vector containing 
the Hygromycin resistance cassette, flanked by the targeting P. patens genomic DNA 
sequence on both sides, was cut with AvrII and SpeI and introduced into wild-type P. 
patens isolate Gd by protoplast transformation (Schaefer and Zryd, 1997). Double 
crossing-over with this construct results in the complete deletion of POT1 ORF, and the 
entire ∆pot1 locus was subsequently PCR amplified with primers 5’-
GCTCATACAACAAGCACATTGAC-3’ and 5’-CAACTTCATCCAACCATGCAG-
3’, flanking the POT1 locus, and sequenced to verify its absence.  
To generate the complementation construct ∆pot1-Pp-POT1, the entire Pp POT1 
ORF was PCR amplified with 5’-
GAATTCTCTTGGAAAGATGCGAGCGGCTGGTCTATGTTGCAGAGGACCATGT
CG-3’ and 5’-GATCCTCGAGTCATCCCGGAAATCGTGTAC-3’ and cloned into the 
pBNRF vector (Schaefer et al., 2010) upstream of the G418 (kanamycin) resistance gene 
NptII using the same restriction sites. The targeting P. patens genomic DNA sequence 
on both sides of the complementation construct was the same as in pBHRF and 
contained the native Pp POT1 promoter. ∆pot1 strain was transformed as described 
above. Stable transformants were selected on G418-containing medium and genotyped 
for the presence of the rescuing construct in the correct location. DNA gel blot analysis 
was performed with DIG-labeled PCR probes spanning the targeting sequences as 
described in (Perroud and Quatrano, 2008).  
 
TRF, PETRA, TF-PCR, protein expression in RRL and EMSA 
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P. patens DNA was extracted as described (Cocciolone and Cone, 1993). TRF 
analysis was performed using Tru1I (Fermentas, Hanover, MD) restriction enzyme and a 
32P 5’ end-labeled (T3AG3)4 oligonucleotide probe (Fitzgerald et al., 1999). For the 
Bal31 exonuclease assay, 100 μg of P. patens genomic DNA was incubated with 30 
units of Bal31 (New England Biolabs) or with H2O (0 min time point) in 1X Bal31 
reaction buffer at 30˚C. Equal amounts of sample were removed at specified intervals for 
60  min. Reactions were stopped by the addition of 20 mM EGTA and heating to 65˚C 
for 15 min. DNA in each sample was precipitated with isopropanol and ammonium 
acetate, followed by Tru1I digestion and DNA gel blotting as described above. TF-PCR 
was performed essentially as described (Heacock et al., 2004) using primers 5’-
CACTACATCGCTGGTCAGAAACGA-3’ (specific for chromosome arm A, P. patens 
scaffold_2162) and 5’-GAAGGTATGTCATGGCCTCAAAGCT-3' (specific for 
chromosome arm B, P. patens scaffold_229). Primer B can also be substituted with 
primer B1 (5’-GATTGCACCATCATTGCCATCGCA-3’), which is located on the same 
scaffold 32 nt closer to the start of the telomeric tract. Two modifications to the TF-PCR 
protocol were made: primer annealing was performed at 58ºC, and PCR was run for 30 
cycles. PETRA was performed for 19 cycles with primers A or B as described (Heacock 
et al., 2004). Radioactive signals were scanned by a Pharos FX Plus Molecular Imager 
(Bio-Rad laboratories, Hercules, CA), and
 
the data were analyzed by either 
IMAGEQUANT software (Molecular
 
Dynamics) or by Quantity One v.4.6.5 software 
(Bio-Rad). G-overhang analysis and site-directed mutagenesis were performed as 
described (Song et al., 2008). 
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EMSA assays 
Expression of plant POT1 proteins in rabbit reticulocyte lysate
 
(RRL) and EMSA 
assays were conducted
 
as described (Shakirov et al., 2009a). Briefly, each reaction
 
(15 µl 
total volume) contained equal amounts (4 µl)
 
of RRL-translated plant POT1 protein, 0.5 
pmol of 
32
P-labeled telomeric oligonucleotide, 3 µl of 5 x DNA-binding buffer (100 mM 
Tris–HCl pH 7.8, 250 mM NaCl, 50 mM MgCl, 5 mM EDTA, 5 mM DTT, 25% 
glycerol) and 1 µl each of Herring sperm
 
DNA (50 µg/ml), DNA oligonucleotide 
TTAATTAACCCGGGGATCCGGCTTGATCAACGAATGATCC
 
and RNA 
oligonucleotide (UUUAGGG)5, which were added as nonspecific competitors (2.5 µM 
each) as
 
described in (Baumann et al., 2002). Reactions were incubated at RT for 15 min 
and
 
the complexes were separated on 5% polyacrylamide gel
 
(acrylamide: bisacrylamide 
29:1) for 2 h at 150 volts in 0.8
 x TBE at RT, dried and exposed to PhosphorImager 
screens. Screens
 
were scanned by a Pharos FX Plus Molecular Imager and signal
 
intensity was quantified by Quantity One v.4.6.5 software. 
 
RACE and RT-PCR conditions 
Total RNA was extracted from plant tissue using Tri Reagent solution (Sigma). 
Reverse transcription was performed using Superscript III reverse transcriptase 
(Invitrogen), as described (Shakirov et al, 2005). 5’ and 3’ RACE (FirstChoice® RLM-
RACE Kit, Ambion) to deduce the full-length Pp POT1 cDNA was performed according 
to the manufacturer’s instructions. To analyze Pp POT1 expression, RT-PCR was 
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initially performed with control reactions for Ubiquitin gene expression as described 
(Harries et al., 2005) to normalize for RNA loading, followed by POT1 RT-PCR with 
primers 5’-TCGACCCGGGATGTTGCAGAGGACCATGTC-3’ and 5’-
GATCCTCGAGTCATCCCGGAAATCGTGTAC-3’, which span the entire ORF.  
Accession Numbers 
Sequence data from this article can be found in the Arabidopsis Genome Initiative or 
GenBank/EMBL databases under the following accession numbers: AY884593 (At 
POT1a), AY884594 (At POT1b), Q9NUX5 (h POT1), XP_001766873 (Pp Ubiquitin). 
Pp POT1 cDNA was deposited into GenBank, accession EU880302. 
 
RESULTS 
Telomere length and composition in model moss species. 
The length of the telomere tract varies considerably among different species of 
land plants and green algae, ranging from 0.5 kb in Chlorella vulgaris to over 150 kb in 
tobacco (Fajkus et al., 1995; Higashiyama et al., 1995). In most A. thaliana ecotypes, 
telomeres span 2-5 kb (Shakirov and Shippen, 2004). To evaluate telomere length in P. 
patens, terminal restriction fragment (TRF) analysis was performed using a radioactive 
probe consisting of four canonical plant TTTAGGG repeats. The most commonly used 
isolate of P. patens, Gransden (Gd), harbored telomere tracts in the range of 0.6 – 3 kb 
(Figure 1A, lane 2). Telomeres in the second isolate, Villersexel (VX-1), were slightly 
longer, in the range of 1 – 3.5 kb (Figure 1A, lane 3). Thus, P. patens telomeres are 
approximately two-fold shorter than in A. thaliana (Figure 1A, lane 1), but similar in 
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length to the telomere tracts in another moss species, Barbula unguiculata. We verified 
that TTTAGGG-hybridizing repeats are located at chromosomal ends using Bal31 
exonuclease. A true telomeric signal should disappear over time, while interstitial cross-
hybridizing regions are resistant to enzyme treatment. With the exception of a single 
interstitial band (indicated by an asterisk), the bulk hybridization signal was lost by 30 
minutes of Bal31 treatment (Figure 1B), confirming that these Bal31-sensitive 
TTTAGGG-hybridizing repeats are located at chromosome ends.  
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Figure 1. Moss telomere length analysis. (A) TRF analysis of telomeric DNA 
in P. patens isolates Gd (lane 2) and Vx-1 (lane 3). Molecular weight markers 
are shown on the left. Genomic DNA was digested with Tru1I and hybridized 
with a plant telomere-specific (TTTAGGG)4 probe. A. thaliana DNA was used 
as a control (lane 1). (B) Bal31 analysis of genomic DNA from P. patens isolate 
Gransden. Tru1I digestion of genomic DNA was performed without prior Bal31 
treatment (0 min), or after various incubation periods with Bal31 exonuclease. 
Asterisk indicates cross-hybridizing interstitial telomeric DNA bands which is 
not sensitive to Bal31 digestion for up to 60 min. 
281 
 
Identification of P. patens POT1 
The publicly available P. patens genome database (http://moss.nibb.ac.jp/) was 
searched with the A. thaliana POT1a and POT1b sequences as the queries using blastp 
and tblastn programs. Similar to most other plants analyzed to date (Shakirov et al., 
2009b), P. patens harbors a single POT1 gene, which encodes a 497 amino acid protein 
with 50% and 45% sequence similarity to A. thaliana POT1a and POT1b, respectively. 
The Pp POT1 protein is predicted to contain two N-terminal DNA binding OB-folds 
with secondary structures similar to the human POT1 protein (Figure 2A). Like At 
POT1a and At POT1b, Pp POT1 consists of ten exons with conserved exon-intron 
junctions, indicating that P. patens and A. thaliana POT1 genes are indeed orthologous. 
As noted for other P. patens genes (Rensing et al., 2005), Pp POT1 introns are on 
average twice as long as in A. thaliana. RT-PCR revealed that Pp POT1 is continuously 
expressed during gametophytic development (protonemata and gametophore tissues) 
(Figure 2B, lanes 1 and 2).    
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Figure A2-2. Identification and analysis of Physcomitrella patens POT1.
(A) Amino acid alignment of the predicted PpPOT1 OB1 region with A. 
thaliana (AtPOT1a and AtPOT1b) and human POT1 proteins. The secondary 
structure of PpPOT1 OB1 was predicted with PsiPred software (McGuffin et 
al., 2000). Numbers indicate amino acid positions relative to the start codon. 
Red arrow indicates the position of a biochemically important F62 residue in 
human POT1 and the corresponding amino acid F74 in PpPOT1. Alignment 
was generated with MEGA 3 software (Kumar et al., 2004) and visualized in 
the BOXSHADE format. (B) RT–PCR results of the PpPOT1 gene expression 
(top panel) in wild-type (lanes 1, 2), ∆pot1 (lanes 3, 4) and ∆pot1-PpPOT1
complemented line (lanes 5, 6). Ubiquitin (bottom panel) was used to 
normalize for RNA loading. (C) and (D) General morphology of wild-type (C) 
and ∆pot1 (D) colonies at the four-week old stage. The wild-type colony 
harbors multiple leafy-like gametophores, but only filamentous protonemata
tissue is visible in ∆pot1.
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Characterization of Pp POT1 DNA binding activity 
Although POT1 proteins from Brassicaceae have thus far failed to bind ss 
telomeric DNA in vitro (Surovtseva et al., 2007; Shakirov et al., 2009a), a recent survey 
revealed that recombinant POT1 proteins from asparagus, maize and the green alga 
Ostreococcus lucimarinus are capable of efficient telomeric DNA binding (Shakirov et 
al., 2009b). To examine the nucleic acid binding properties of Pp POT1, we expressed 
Pp POT1 in rabbit reticulocyte lysate (RRL) and performed electrophoretic mobility 
shift assays (EMSA) with radioactively labeled cocktails of telomeric oligonucleotides 
containing seven different permutations of either two (2TELO) or three (3TELO) plant 
TTTAGGG repeats (Figure 3A). Asparagus officinalis POT1 (Ao POT1) served as a 
positive control (Figure 3A, lane 3) (Shakirov et al., 2009b). While no binding of Pp 
POT1 to the 2TELO probe was observed (Figure 3A, lane 2), Pp POT1 efficiently bound 
the 3TELO cocktail (Figure 3A, lane 5). As expected (Surovtseva et al., 2007; Shakirov 
et al., 2009a), POT1 proteins from Arabidopsis and several other vascular plants showed 
no detectable telomeric DNA binding (Supplemental Figure 1). Of the seven individual 
permutations in the 3TELO cocktail probe, Pp POT1 bound (AGGGTTT)3 most 
efficiently (Supplemental Figure 2).  
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21 AGGGTTTAGGGTTTAGGGTTT
20 AGGGTTTAGGGTTTAGGGTT
20’ GGGTTTAGGGTTTAGGGTTT
19       GGGTTTAGGGTTTAGGGTT
18       GGGTTTAGGGTTTAGGGT
18’ GGTTTAGGGTTTAGGGTT
17 GGTTTAGGGTTTAGGGT
16 GGTTTAGGGTTTAGGG
16’ GTTTAGGGTTTAGGGT
15 GTTTAGGGTTTAGGG
14 GTTTAGGGTTTAGG
14’ TTTAGGGTTTAGGG
13                TTTAGGGTTTAGG
Figure A2-3. Characterization of PpPOT1 interaction with telomeric DNA in 
vitro. (A) EMSA was performed with a cocktail of seven 32P-labeled 
oligonucleotides corresponding to two (2TELO) (lanes 1-3) or three (3TELO) (lanes 
4-5) TTTAGGG repeats. Unprogrammed RRL reactions lacking external DNA 
template were used as negative controls (lanes 1, 4), and a reaction with 
asparagus POT1 protein (AoPOT1) was performed as a positive control (lane 3). 
PpPOT1 binds 3TELO probe (lane 5), but not 2TELO probe (lane 2). (B) 
Identification of the PpPOT1 minimum DNA binding site. Equal amounts of RRL-
expressed PpPOT1 were incubated with the indicated radioactively labeled 
oligonucleotides (bottom panel) and protein-DNA complexes were separated by 
native PAGE. 
B
A
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The minimum DNA binding site (MBS) in vertebrate POT1 proteins is highly 
conserved and consists of 10-12 nucleotides (Lei et al., 2004; Loayza et al., 2004; Wei 
and Price, 2004). To define the Pp POT1 MBS, we performed EMSA with 
(AGGGTTT)3 and a series of single nucleotide truncations from either the 5’ or 3’ end of 
this substrate (Figure 3B). Removal of the first two nucleotides from both ends of the 
substrate (oligonucleotide 17) did not decrease binding. However, deletion of one 
additional nucleotide from the 3’ end, but not from the 5’ end of this substrate, 
completely abolished binding (Figure 3B, compare oligonucleotides 16 and 16’). Since 
Pp POT1 does not bind to two different oligonucleotides containing 15 nucleotides each 
(Supplemental Figure 3A), we conclude that its minimum tight-binding substrate is the 
sixteen nucleotide sequence, GTTTAGGGTTTAGGGT.  
We next asked which domain(s) in the P. patens POT1 are required for MBS 
recognition. Like POT1 proteins from vertebrates and several plants (Lei et al., 2004; 
Wu et al., 2006; Shakirov et al., 2009b), both N-terminal OB-folds were necessary for 
telomeric DNA binding (Supplemental Figure 3B, lanes 4-7). Interestingly, the EMSA 
profile changed from a single band to a smear in the absence of Pp POT1 C-terminus 
(Supplemental Figure 3B, compare lanes 2 and 3), suggesting that this region (amino 
acids 323 – 497) modulates Pp POT1 interaction with DNA in vitro.  
In mammalian and fission yeast POT1 proteins, an invariant phenylalanine in the 
first OB-fold (F62 in human POT1, Figure 2A) is required for efficient DNA binding 
(Lei et al., 2004; Wu et al., 2006). To test if the corresponding residue (F74) is required 
for telomeric DNA interaction by Pp POT1, we performed EMSA with an F74A Pp 
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POT1 mutant. The mutant protein failed to bind telomeric DNA in vitro (Supplemental 
Figure 3B, lane 1). Altogether, these data indicate that P. patens POT1 is a bona fide 
single-strand telomeric DNA binding protein with structural and biochemical properties 
similar to POT1 proteins from yeast and vertebrates, but distinct from Arabidopsis. 
 
Morphological and developmental defects in the ∆pot1 strain 
We generated a deletion of P. patens POT1 (∆pot1) by replacing its complete 
open reading frame (ORF) with the hygromycin-resistance gene HptII (Supplemental 
Figure 4A). The absence of the POT1 ORF in hygromycin-resistant transformants was 
verified by PCR genotyping (Supplemental Figure 4B), DNA gel blot analysis 
(Supplem. Figure 4C), and by sequencing across the entire ∆pot1 locus. RT-PCR 
confirmed the absence of POT1 mRNA in ∆pot1 (Figure 2B, lanes 3-4). Hereafter we 
refer to ∆pot1 as a null mutant.  
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P. patens was able to grow vegetatively in the absence of POT1, suggesting that 
this gene is not essential for long-term moss survival. Nevertheless, the ∆pot1 strain 
displayed a striking loss of developmental program. Although the juvenile protonemata 
filaments initially grew efficiently, aberrant morphological defects emerged and 
worsened progressively as the ∆pot1 advanced to more mature stages of development, 
ultimately culminating in complete sterility. The growth of gametophores (leafy-like 
tissue on top of the colony) was significantly delayed in the ∆pot1 strain (compare 
Figures 2C and 2D), but the overall number of emerging gametophores was reduced 
only slightly (Supplemental Figure 5). Furthermore, upon cold treatment, which in wild-
type P. patens induces the formation of sex organs, the female archegonium and the 
male antheridium never formed in ∆pot1, explaining the sterility phenotype.  These data 
indicate that POT1 is necessary for the normal development of P. patens. 
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Figure A2-4. Defects in telomere length regulation in ∆pot1. (A) TRF analysis of DNA from 
wild-type (wt) and ∆pot1. The asterisk indicates an interstitial cross-hybridizing band used as a 
loading control. (B) Quantification of results in (A) with ImageQuant software. (C) PETRA results 
of telomere lengths on two individual chromosome arms, designated A and B, in wild-type (wt) and 
∆pot1 moss. A telomeric probe (TTTAGGG)4 was used to detect TRF and PETRA signals. 
Molecular weight markers are shown on the left of each panel. 
A
Subtelo A
Subtelo B
B
C
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Telomere length maintenance defects in ∆pot1 
We next asked if the developmental and morphological defects in ∆pot1 are 
accompanied by deficiencies in telomere maintenance. TRF analysis revealed a dramatic 
decrease (~72%) in the overall intensity of telomeric hybridization signal in ∆pot1 
relative to wild-type, indicating that the majority of chromosome ends experienced a 
massive loss of telomeric DNA (Figure 4A). The average length of the remaining 
telomere tracts was reduced by ~200 bp (Figure 4B). Bal31 digestion of ∆pot1 DNA 
confirmed that the residual TTTAGGG-hybridization signal was terminally located 
(Supplemental Figure 6). Complementation with a wild-type Pp POT1 gene (hereafter 
termed ∆pot1-Pp-POT1) restored telomere length to wild-type, demonstrating that 
telomere loss was the result of POT1 deletion (Supplemental Figure 7A and 8A). As 
expected, RT-PCR confirmed that POT1 mRNA expression was restored in the ∆pot1-
Pp-POT1 line (Figure 2B, lanes 5, 6). We conclude that POT1 is necessary for proper 
telomere length maintenance in P. patens.  
Notably, the ∆pot1-Pp-POT1 construct did not complement ∆pot1 morphological 
and developmental defects. Although PCR genotyping of ∆pot1-Pp-POT1 strain 
confirmed the presence of the POT1 gene in its original locus (Supplemental Figure 4B), 
DNA gel blot analysis indicated that additional copies of the complementation construct 
are present in the ∆pot1-Pp-POT1 strain (Supplemental Figure 7B). Thus, increased gene 
dosage may explain the persistence of developmental defects. Alternatively, the severe 
genome instability that arises from telomere uncapping (see below) may have resulted in 
irreversible aberrations in cellular pathways controlling moss morphology and 
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development, as previously reported for Arabidopsis mutants with dysfunctional 
telomeres (Riha et al., 2001; Song et al., 2008; Surovtseva et al., 2009). 
The TRF assay measures bulk telomere length changes. To explore the dynamics 
of individual telomere tracts in ∆pot1, we employed the primer extension telomere 
repeat amplification (PETRA) assay originally developed to study Arabidopsis telomeres 
(Heacock et al. 2004). PETRA amplifies individual telomeric DNA tracts using PCR 
primers directed at the G-overhang and a unique subtelomeric sequence. Although the 
sequenced P. patens genome is not yet assembled into its 27 chromosomes, two unique 
subtelomeric regions (arbitrarily designated A and B, see Materials and Methods) were 
identified. PETRA reactions conducted with wild-type P. patens generated a smear 
spanning up to 0.5kb (Figure 4C), but in ∆pot1 both A and B telomeres were over 200 
bp shorter (Figure 4C). Importantly, the wild-type PETRA profile was restored in ∆pot1-
Pp-POT1 (Supplemental Figure 8B).  
Telomerase activity is reduced by approximately 10-fold in Arabidopsis plants 
null for At POT1a (Surovtseva et al., 2007). To determine if in vitro telomerase activity 
is altered in ∆pot1, we performed a quantitative telomere repeat amplification protocol 
Q-TRAP (Kannan et al., 2008) with protein extracts from wild-type and ∆pot1 strains. 
No statistically significant difference in enzyme activity was observed (Supplemental 
Figure 9). We conclude that POT1 proteins make fundamentally different contributions 
to telomere maintenance in A. thaliana and P. patens. 
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Figure A2-5. Increased G-overhang signals in ∆pot1 mutants. (A) In-gel hybridization results using 
a G-strand specific probe (C3TA3)4 to detect telomeric DNA under native (lanes 1-4) and denaturing 
(lanes 5-8) conditions in wild-type (wt) and ∆pot1. T4 DNA Polymerase (a 3’→5’ exonuclease) was 
added to reactions shown in lanes designated by (+). (B) Quantification of the G-overhang signal in 
(A). ∆pot1 signal intensity relative to wt is shown (error bars measured for n=4, SD = +/- 0.835). 
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Defects in telomere architecture and genome stability in ∆pot1  
Mutations in telomere capping proteins can lead to increased G-overhang length, 
resulting from increased nucleolytic attack on the C-rich telomeric strand or uncoupled 
replication of the G-rich and C-rich strands (Linger and Price, 2009). We analyzed G-
overhang status in ∆pot1 mutants using the in-gel hybridization assay. DNA gel blotting 
with a telomeric DNA probe was performed under native conditions to measure ss 
telomeric DNA. The gel was re-hybridized with the same probe under denaturing 
conditions to normalize for the total amount of ds and ss telomeric DNA loaded. 
Relative to wild-type, the G-overhang signal in ∆pot1 increased by ~8-fold (Figure 5A, 
lanes 1 and 3, and Figure 5B). Exonuclease treatment confirmed that hybridization was 
associated with the chromosome terminus (Figure 5A, lanes 2 and 4). We conclude that 
P. patens POT1 is critical for proper chromosome end structure.  
S. pombe and mammalian POT1 proteins are required to protect chromosomes 
from end-to-end fusions (Baumann and Cech, 2001; Veldman et al., 2004; Hockemeyer 
et al., 2006). By contrast, Arabidopsis POT1a and POT1b null mutants do not exhibit 
telomere fusions (Surovtseva et al., 2007); E. Shakirov, A. Nelson and D. Shippen, 
unpublished results). To evaluate chromosome stability in ∆pot1, we employed the 
Telomere Fusion PCR assay (TF-PCR) (Heacock et al., 2004). As with PETRA, TF-
PCR utilizes unique subtelomere-specific PCR primers directed toward the chromosome 
terminus. If the target chromosome ends are covalently fused, the fusion junction will be 
amplified and detected by Southern analysis. As expected, no TF-PCR products were 
observed with DNA samples from wild-type P. patens or in the complemented ∆pot1-
293 
 
Pp-POT1 strain (Supplemental Figure 8C).  However TF-PCR products were abundant 
in reactions with ∆pot1 DNA (Figure 6A). Interestingly, chromosome fusions were also 
detected in ∆pot1 PCR reactions containing only one subtelomere-specific primer 
(Figure 6B). Since P. patens spends most of its lifecycle in the haploid form, these data 
suggest that sister chromatids fuse in the absence of POT1.   
Chromosome end maintenance defects worsen over time in mouse models 
deficient for either mPOT1a or mPOT1b (Wu et al., 2006; Hockemeyer et al., 2008). In 
contrast, we found no evidence of progressive telomere shortening or increased 
incidence of telomere fusions in long-term vegetatively growing ∆pot1 cultures. 
However, since relatively few cultured P. patens cells are proliferating (Cove et al., 
2006), it is possible that the telomere deprotection phenotype would be exacerbated if 
the majority of ∆pot1 cells were forced to divide. To investigate this possibility, we 
subjected ∆pot1 cells to several consecutive rounds of colony re-growth from a single 
progenitor cell (protoplast) (Figure 6C).  As predicted, the abundance of TF-PCR 
products was elevated in ∆pot1 cultures as the number of protoplasting and new colony 
formation events increased (Figure 6C). Taken together, our data indicate that POT1 is 
essential for telomere integrity and chromosome end protection in P. patens.  
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Figure A2-6. Accumulation of chromosome fusions in ∆pot1. (A) 
and (B) TF-PCR detects multiple instances of end-to-end 
chromosome fusions in ∆pot1 moss, but not in wild-type (wt). (A) TF-
PCR results with subtelomeric primers specific for chromosome arms 
A and B and DNA from three individual colonies of wt or ∆pot1. (B) 
TF-PCR results with one subtelomeric primer specific for 
chromosome arm B. (C) Increased incidence of chromosome fusions 
in ∆pot1 cultures continuously re-grown from a single protoplast. (Top 
panel) Diagram of the experimental design. (Bottom panel) TF-PCR 
results with DNA from wt (lane 1) and ∆pot1 colonies (lanes 2-4). 
∆pot1 colonies were re-generated from a single cell through 
protoplasting once (lane 2), twice (lane 3) or three times (lane 4) (see 
asterisks in top panel). Arrow indicates a non-specific PCR product 
detected in some wt samples. Molecular weight markers are shown 
on the left of each panel.
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DISCUSSION 
Physcomitrella patens, a new model system for plant telomere research 
The ability of eukaryotic cells to distinguish between ds DNA breaks and natural 
chromosome termini is essential to avoid aberrant genome rearrangements and to ensure 
continued cell proliferation. The factors responsible for telomere stability are evolving 
rapidly (Linger and Price, 2009). In vertebrates shelterin represses ATR- and ATM-
dependent DNA damage pathways, preventing telomere-specific homologous 
recombination and non-homologous end-joining reactions (de Lange, 2009). While only 
a subset of the shelterin components can be discerned in plant genomes, ss telomeric 
DNA binding proteins are an essential component of the protective telomere cap in 
plants (Surovtseva et al., 2009) and many other model organisms (Gao et al., 2007; 
Raices et al., 2008; Linger and Price, 2009; Miyake et al., 2009). POT1 orthologs have 
been described in a wide variety of eukaryotic lineages, from ciliated protozoa and yeast 
to humans (Baumann and Cech, 2001; Baumann et al., 2002; Jacob et al., 2007). Despite 
substantial amino acid sequence conservation, POT1a and POT1b from A. thaliana 
appear to have lost this critical chromosome capping function, raising the possibility that 
POT1 plays a fundamentally different role in the plant kingdom. The analysis of POT1 
in the moss Physcomitrella patens reported here rejects this hypothesis and indicates that 
in early land plant lineages, such as bryophytes, POT1 functions in a similar fashion to 
its fungal and vertebrate counterparts. 
P. patens has the potential to emerge as a powerful new model for telomere 
biology. Like A. thaliana, P. patens has short telomere tracts abutted by unique 
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sequences on at least some chromosome ends. These characteristics allow detection of 
subtle defects in telomere maintenance and chromosome end protection using the highly 
sensitive PCR assays of PETRA and TF-PCR (Heacock et al., 2004).  Like A. thaliana, 
P. patens is genetically tractable, but it has added advantage of a streamlined genome 
with much less redundancy. Besides a single-copy POT1 gene, P. patens harbors only 
two TRFL genes (as opposed to six in A. thaliana). Finally, P. patens has an 
exceptionally high rate of homologous recombination and we exploited this property for 
targeted deletion of POT1. Our results not only provide direct genetic evidence of an 
evolutionarily conserved role for POT1 in chromosome end protection in plants, but also 
they demonstrate that P. patens can serve as a critical counterpoint to Arabidopsis, 
facilitating a deeper understanding of plant telomere composition and evolution. 
 
Conservation of POT1 functions in eukaryotes 
Although the functions of POT1 differ between A. thaliana and P. patens, 
together they encompass several of the roles previously ascribed to POT1 orthologues in 
mammals and fission yeast. Several studies indicated that mammalian POT1 proteins 
modulate telomerase action in vitro (Wang et al., 2007; Latrick and Cech, 2010; Zaug et 
al., 2010) and in vivo (Colgin et al., 2003; Loayza and de Lange, 2003). Although the 
details of how POT1 influences telomerase are likely to be organism-specific, this 
function is conserved in plants, as illustrated by the phenotypes of A. thaliana POT1a-
deficient plants (Surovtseva et al., 2007). Similar to the budding yeast ever-shorter-
telomere (est) mutants (Lundblad and Szostak, 1989), Arabidopsis POT1a null mutants 
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display progressive telomere shortening at a rate of approximately 200-500 bp per plant 
generation (Surovtseva et al., 2007). As previously described for plants lacking 
telomerase catalytic subunit TERT (Riha et al., 2001), this gradual telomere erosion 
leads to a delayed onset of developmental and cell proliferation defects apparent only 
after multiple plant generations. In contrast, P. patens ∆pot1 mutants exhibit a rapid 
onset of telomere uncapping characterized by extensive telomere shortening, increased 
G-overhang length and chromosome fusions. These phenotypes are reminiscent of the 
situation in Schizosaccharomyces pombe Pot1-deficient cells, where chromosome ends 
rapidly lose all of their telomeric DNA and undergo chromosome circularization 
(Baumann and Cech, 2001). Thus, the function of P. patens POT1 is consistent with an 
essential role in chromosome end protection.  
Like the surviving POT1-deficient S. pombe cells, which can not undergo 
meiosis (Baumann and Cech, 2001), P. patens ∆pot1 cultures fail to undergo sexual 
reproduction and display a partial loss of developmental program. However, unlike S. 
pombe, P. patens ∆pot1 mutants do not lose all telomeric DNA and instead telomeres 
stabilize at a new, shorter length. This outcome may reflect the establishment of a new 
equilibrium between telomere-shortening activities and extension by telomerase.  It is 
also possible that homologous recombination contributes to the maintenance of telomere 
tracts in ∆pot1 P. patens, as proposed for telomerase-deficient Arabidopsis mutants 
(Watson and Shippen, 2007). Mouse POT1 proteins prevent recombination of telomeric 
DNA (He et al., 2006; Wu et al., 2006; Palm et al., 2009), and considering the naturally 
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high rate of homologous recombination in P. patens, this alternative mode of telomere 
maintenance is certainly feasible.  
Although we could detect chromosome fusions in long-term dividing P. patens 
∆pot1 cultures, accumulation of these aberrant structures was slow, required multiple 
cell divisions, and did not result in complete senescence. A similar phenotype is 
associated with POT1 deletion in chicken cells (Churikov et al., 2006), implying that 
some aspects of Pp POT1 function are more similar to vertebrate POT1 than to the S. 
pombe POT1. It is also possible that P. patens POT1 functions redundantly with another 
telomere protection factor, such as a homologue of the putative Arabidopsis ds telomere 
binding protein TBP1 (Hong et al., 2007) or the newly identified plant CST complex 
(Surovtseva et al., 2009).  
 
Evolution of POT1 function in plants 
Our data underscore remarkable divergence of POT1 functions in lower versus 
higher plants and provide a framework for elucidating evolutionary changes responsible 
for the switch from telomere protection to telomerase regulation. We speculate that 
much of the functional divergence is reflected by changes in the nucleic acid binding 
properties of plant POT1 proteins. Only a subset of the plant POT1 proteins examined to 
date display ss telomeric DNA binding activity in vitro (Surovtseva et al., 2007; 
Shakirov et al., 2009a; Shakirov et al., 2009b). Among those that do bind telomeric 
DNA, significant variation exists within their respective minimal DNA binding site.  For 
example, while Pp POT1 and Ol POT1 (from green alga O. lucimarinus) prefer 
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telomeric DNA substrates terminating with a T on the 3’ end, POT1 proteins from the 
flowering plants prefer oligonucleotides terminating in a G (Shakirov et al., 2009b). The 
length of the POT1 MBS also varies dramatically among different plant species, ranging 
from seven to 16 nucleotides (Shakirov et al., 2009b); this study). At 16 nucleotides, P. 
patens POT1 has a very long MBS (Croy and Wuttke, 2006; Shakirov et al., 2009b). The 
C-terminus of Pp POT1 enhances telomeric DNA binding. It is possible that Pp POT1 
oligomerizes through its C-terminal domain, accounting for its unusually long MBS. 
Notably, the Asparagus officinalis POT1, whose MBS is only nine nucleotides, does not 
require the C-terminal domain for efficient DNA binding in vitro (Shakirov et al., 
2009b). Alternatively, the extended minimum DNA binding site in Pp POT1 might 
reflect the contribution of an additional OB-fold in the C-terminus, as has been 
postulated in yeast Cdc13 and vertebrate POT1 (Theobald and Wuttke, 2004; Wei and 
Price, 2004). 
The most compelling evidence of the rapid evolution of POT1 is illustrated by 
the Arabidopsis POT1 proteins. Recent data indicate that At POT1a and At POT1b 
physically interact with telomerase ribonucleoprotein complexes instead of telomeric 
DNA (Surovtseva et al., 2007)(Cifuentes-Rojas et al., submitted). Thus, we speculate 
that the switch in plant POT1 proteins from binding telomeric DNA to telomerase fueled 
their evolution from telomere capping proteins into telomerase regulatory factors. 
Further analysis of POT1 in Arabidopsis and Physcomitrella may more clearly elucidate 
the dynamic and evolving interactions between the chromosome terminus and the 
telomerase enzyme.  
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APPENDIX III 
ATR COOPERATES WITH CTC1 AND STN1 TO MAINTAIN TELOMERES 
AND GENOME INTEGRITY IN ARABIDOPSIS* 
Summary 
The CST (CTC1/STN1/TEN1) complex is an essential constituent of plant and 
vertebrate telomeres. Here we show that CST and ATR act synergistically to maintain 
telomere length and genome stability in Arabidopsis. Inactivation of ATR, but not ATM, 
temporarily rescued severe morphological phenotypes associated with ctc1 or stn1. 
Unexpectedly, telomere shortening accelerated in plants lacking CST and ATR. In first 
generation (G1) ctc1 atr mutants, enhanced telomere attrition was modest, but in G2 ctc1 
atr, telomeres shortened precipitously, and this loss coincided with a dramatic decrease 
in telomerase activity in G2 atr mutants. Zeocin treatment also triggered a reduction in 
telomerase activity, suggesting that the prolonged absence of ATR leads to a hitherto 
unrecognized DNA damage response (DDR). Finally, our data indicate that ATR 
modulates DDR in CST mutants by limiting chromosome fusions and transcription of 
DNA repair genes and also by promoting programmed cell death in stem cells. We 
conclude that the absence of CST in Arabidopsis triggers a multifaceted ATR-dependent 
response to facilitate maintenance of critically shortened telomeres, and eliminate cells 
with severe telomere dysfunction. 
______ 
*Reprinted with permission from Boltz K.A., Leehy K., Song X., Nelson A.D.L., and Shippen 
D.E. 2012. ATR cooperates with CTC1 and STN1 to maintain telomeres and genome integrity in 
Arabidopsis. Molecular Biology of the Cell 22, 1838-1848. Copyright © 2012 by The 
American Society for Cell Biology.   
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Introduction 
A critical function of telomeres is to differentiate natural chromosome ends from 
DNA damage. The protective cap that defines the chromosome terminus consists of 
telomere binding proteins that associate with the double-stranded region, the single 
stranded 3’ G-rich extension (G-overhang), or that bridge these two domains. The best 
characterized telomere capping complexes are shelterin in vertebrates and CST 
(Cdc13/Stn1/Ten1) in budding yeast. The six member shelterin complex spans both the 
double- and single-strand regions of the telomere (Palm and de Lange, 2008). Within 
shelterin, TRF2 and POT1 play leading roles in chromosome end protection (van 
Steensel et al., 1998; Baumann and Cech, 2001). The CST complex associates 
exclusively with the G-overhang (Lin and Zakian, 1996), forming a heterotrimeric 
complex with structural similarity to RPA (Gao et al., 2007; Sun et al., 2009) A null 
mutation in any CST component is lethal, while other alleles trigger massive 
degradation of the telomeric C-strand causing grossly extended G-overhangs (Nugent 
et al., 1996; Grandin et al., 1997; Grandin et al., 2001). Deletion of either the Stn1 or 
Ten1 ortholog in fission yeast leads to catastrophic loss of telomeric DNA and end-toend 
chromosome fusions (Martín et al., 2007). 
CST has recently been discovered in plants and vertebrates (Song et al., 2008; 
Miyake et al., 2009; Surovtseva et al., 2009). STN1 and TEN1 are sequence homologs 
of the budding and fission yeast proteins (Song et al., 2008; Miyake et al., 2009; Price et 
al., 2010). The third member of the complex, CTC1 (Conserved Telomere maintenance 
Component 1), is not a sequence homolog of Cdc13, although it shares functional 
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similarities. Like Cdc13, CTC1 physically interacts with STN1 as well as lagging-strand 
replication machinery (Casteel et al., 2009; Miyake et al., 2009; Surovtseva et al., 2009; 
Price et al., 2010). In addition, CTC1 in complex with STN1 and TEN1 binds single 
stranded DNA, but in a sequence-independent manner (Miyake et al., 2009). 
Ctc1 or Stn1 knockdown in human cells results in an increase in G-overhang 
signal, sporadic loss of telomeric DNA and aberrant chromatin bridges (Miyake et al., 
2009; Surovtseva et al., 2009). Recent studies reveal that mutations in CTC1 underly 
the rare human genetic disorder Coats plus, characterized by neurological and 
gastrointestinal defects (Anderson et al., 2012). Coats plus patients also exhibit 
shortened telomeres and evidence of an ongoing DNA damage response (Anderson et 
al., 2012). The major function for vertebrate CST may be related to DNA replication and 
repair, and not to chromosome end protection per se (Linger and Price, 2009; Giraud- 
Panis et al., 2010; Price et al., 2010). Recent studies show that Xenopus CST is 
required to prime ssDNA for replication (Nakaoka et al., 2011). In addition, genetic data 
argue that CST and shelterin act in distinct pathways to promote telomere integrity in 
human cells. When both Stn1 and Pot1 are depleted, a synergistic increase in 
telomere dysfunction-induced foci is observed (Miyake et al., 2009). 
CST plays a pivotal role in protecting plant telomeres. Although ctc1 and stn1 
null mutants are viable, they suffer dramatic telomere shortening, end-to-end 
chromosome fusions, increased G-overhangs and elevated extra-chromosomal 
telomeric circles, indicative of aberrant telomere recombination (Song et al., 2008; 
Surovtseva et al., 2009). Genetic analysis of Arabidopsis thaliana STN1 and CTC1 
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confirms that these two components act in the same pathway for chromosome end 
protection (Surovtseva et al., 2009). Unlike vertebrates, Arabidopsis harbors only a 
subset of shelterin components and thus far, none of these are required for 
chromosome end protection (Watson and Riha, 2010). Moreover, Arabidopsis encodes 
three POT1-like proteins, which associate with telomerase instead of the telomere 
(Surovtseva et al., 2007; Cifuentes-Rojas et al., 2011). Thus, CST appears to function 
as the major telomere protection complex in plants (Price et al., 2010). CST is also 
likely to play a role in DNA replication in Arabidopsis, given its interaction with DNA 
polymerase α (Price et al., 2010) and the results of vertebrate studies described above. 
When telomere integrity is compromised due to loss of essential capping 
proteins, or prolonged inactivation of telomerase, the unprotected chromosome 
terminus triggers a cellular DNA damage response (DDR) that is mediated by the 
phosphoinositide-3-kinase-related protein kinases, ATM (Ataxia-Telangeictasia 
Mutated) or ATR (ATM and Rad3-related) (Sabourin and Zakian, 2008). ATM primarily 
responds to double-strand breaks, while ATR is activated by excessive single-stranded 
DNA (Nam and Cortez, 2011). As expected for telomere duplex binding components, 
TRF2 in vertebrates suppresses activation of ATM (Denchi and de Lange, 2007), while 
the single-strand binding proteins, mouse Pot1a (Denchi and de Lange, 2007), chicken 
Pot1 (Churikov et al., 2006), and yeast Cdc13 (Garvik et al., 1995; Ijpma and Greider, 
2003; Hirano and Sugimoto, 2007), suppress an ATR-dependent DDR. 
ATR and ATM are also required to maintain normal telomeres. Neither ATM nor 
ATR have been shown to affect telomerase enzyme activity levels in yeast or 
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vertebrates (Sprung et al., 1997; Chan et al., 2001; McNees et al., 2010), but in yeast 
both kinases are implicated in the recruitment of telomerase to chromosome ends. In 
Schizosaccharomyces pombe, Tel1 (ATM) and Rad3 (ATR) are required for Ccq1- 
mediated interaction with telomerase (Moser et al., 2009; Moser et al., 2011). Similarly, 
in budding yeast Mec1 (ATR) and Tel1 (ATM) are each proposed to phosphorylate 
Cdc13 as a prerequisite for telomerase recruitment (Tseng et al., 2006), although this 
finding is now controversial (Gao et al., 2010). Nevertheless, a number of studies show 
that Tel1 facilitates the preferential recruitment of telomerase to critically shortened 
telomeres (Arneric and Lingner, 2007; Bianchi and Shore, 2007; Sabourin et al., 2007), 
and stimulates telomerase repeat addition processivity on these chromosome ends 
(Chang et al., 2007). Analysis of the ATR-deficient Seckel mouse indicates that while 
ATR is not required for telomerase recruitment to short telomeres (McNees et al., 2010), 
it suppresses telomere fusions and the formation of fragile sites triggered by replication 
fork stalling in highly repetitive telomere repeat arrays (Martínez et al., 2009; Sfeir et 
al.,2009; McNees et al., 2010). 
Many key components of DDR are conserved in plants, but there is considerable 
divergence in cell cycle regulated responses relative to vertebrates (Dissmeyer et al., 
2009). For example, ATM and ATR null mutations are not lethal in plants (Garcia et al., 
2003; Culligan et al., 2004), and there is substantial overlap in the two pathways 
(Culligan et al., 2004; Friesner et al., 2005; Furukawa et al., 2010). Moreover, plants are 
extraordinarily tolerant to genome instability, an outcome that may reflect the presence 
of undifferentiated stem cell niches in the shoot and root apical meristems. Meristematic 
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cells allow for continual growth and tissue differentiation, blunting the effect of DNA 
damage in somatic tissue. Ionizing radiation, for instance, will induce cell cycle arrest in 
meristems, but not in somatic cells (Hefner et al., 2006). 
Although mutation of either ATM or ATR has no effect on telomere length 
homeostasis in Arabidopsis (Vespa et al., 2005), these kinases act synergistically with 
telomerase to maintain the telomere tract (Vespa et al., 2005; Vespa et al., 2007). 
Plants doubly deficient in ATM and TERT, the telomerase catalytic subunit, experience 
an abrupt, early onset of genome instability compared to tert single mutants (Vespa et 
al., 2005). Analysis of individual telomere tracts showed that that ATM prevents 
stochastic deletional recombination events, allowing cells to maintain similar telomere 
lengths on homologous chromosome arms (Vespa et al., 2007). ATR makes a more 
immediate contribution to telomere maintenance than ATM (Vespa et al., 2005). From 
the outset, telomeres in double atr tert mutants shorten at a greatly accelerated pace 
relative to tert, so that telomere dysfunction occurs in the third generation of the double 
mutant, compared to the sixth generation of tert. 
Here we employ a genetic approach to investigate how CST components 
interface with ATM and ATR to promote telomere integrity and genome stability in 
Arabidopsis. We demonstrate a pivotal role for ATR in the response to CST abrogation 
that leads to programmed stem cell death. We also show that the combined absence of 
ATR and CST results in catastrophic loss of telomere tracts in a biphasic manner. The 
second, more severe phase of telomere shortening coincides with strong down-regulation 
of telomerase activity. These findings indicate that ATR and CST act 
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synergistically to maintain genome integrity and telomere length homeostasis.  
Materials and Methods 
Plant Lines and Growth Conditions 
Mutant Arabidopsis thaliana lines and genotyping have been previously 
described. The alleles used were ctc1-1 and ctc1-3 (Surovtseva et al., 2009), stn1-1 
(Song et al., 2008), atr-2 (Culligan et al., 2004), and atm-2 (Garcia et al., 2003). 
Crosses were made with plants heterozygous for ctc1 or stn1 and homozygous mutant 
for atr or atm. F1 plants were genotyped to identify plants that were heterozygous for 
both alleles. These were self-crossed and F2 siblings were used for analysis. Plants 
were grown on soil at 22°C under 16 h light/8 h dark conditions. For experiments using 
seedlings, seeds were sterilized in 50% bleach with 0.1% Triton-X 100 and then plated 
on MS with 0.7% agar (Caisson Labs). Plates were placed in the dark at 4°C for 2-4 
days and then moved to long day conditions. For zeocin treatment, seeds were treated as 
described above. When seedlings were 5-7 days old, they were transferred to liquid MS 
culture either with or without 20μM zeocin (Invitrogen). Seedlings were grown in the 
dark for three days and then harvested for protein extraction. 
Quantitative RT-PCR 
Total RNA was extracted from G1 flowers using the E.Z.N.A. Plant RNA kit 
with on-column DNaseI digestion (Omega Bio-tek). To make cDNA, 2μg of RNA was 
used with the qScript cDNA Supermix (Quanta Biosciences). cDNA was diluted 1:4 in 
10μg/ml yeast tRNA (Sigma) and 1μl was used in each qPCR reaction. The SsoFast 
EvaGreen Supermix (Bio-Rad) was used following manufacturers recommendations. 
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Reactions were run on a Bio-Rad CFX96 thermalcycler using 58°C primer annealing 
and 10s extension. RNA from at least three individual plants was used for each 
genotype and two replicates were run for each reaction. The raw amplification data was 
imported into LinRegPCR (Ruijter et al., 2009) using the default settings. The window 
of-linearity and Cq threshold were calculated for each amplicon group. The resulting Cq 
values, which had been adjusted for the mean PCR efficiency for each amplicon, were 
used for calculation of expression levels. For each run, we measured three reference 
genes (GAPDH, TIP41L, and At4G26410) reported by Czechowski et al. (Czechowski et 
al., 2005). The geometric mean of the three reference genes was used to calculate 
expression levels by the ΔΔCt method. Expression levels for each genotype were 
averaged and compared to wild type. Primers sequences were 5’-
TGCATCCATTAAGTTGCCCTGTG-3’ and 5’- 
TAGGCTGAGAGTGCAGTGGTTC-3’ for BRCA1 (At4G21070), 5’- 
ATGCTACTCTGGCACGGTTCAC-3’ and 5’-
AGGAGGAGCTATTCGCAGACCTTG-3’ 
for PARP1 (At4G02390), and 5’- CGAGGAAGGATCTCTTGCAG-3’ and 5’- 
GCACTAGTGAACCCCAGAGG-3’ for RAD51 (At5G20850). 
Telomere length measurement, in-gel hybridization, TF-PCR and TRAP 
Genomic DNA was extracted from whole plants or seedlings using 2x CTAB 
buffer (Vespa et al., 2005) with slight modification. Plant extracts were incubated for 1 h 
at 50°C, and all mixing was done by inverting tubes rather than vortexing. TF- PCR and 
PETRA (Heacock et al., 2004) and TRF (Fitzgerald et al., 1999) were conducted as 
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previously reported. For all three assays, products were detected by Southern Blot with 
a [32P]-5’-end-labeled (TTTAGGG)4 probe. A [32P]-5’-end-labeled (CCCTAAA)3 
probe was used for in-gel hybridization as described previously (Surovtseva et al., 
2009). Telomere lengths from PETRA analyses were calculated using QuantityOne 
software (Bio-Rad). For lanes with multiple bands, the average size was calculated. 
Protein extracts from 5 to 7 day-old seedlings were used for quantitative TRAP as 
previously described (Kannan et al., 2008). 
Propidium iodide staining and cytogenetics 
Five to seven day-old G2 seedlings were gently removed from MS plates and 
placed in 10 μg/ml propidium iodide solution diluted in water for 10 min at room 
temperature in the dark. Seedlings were then transferred to water. Roots and shoots 
were separated and roots were mounted on slides in water. Arabidopsis chromosome 
spreads were prepared from pistils as described (Riha et al., 2001). The spreads were 
mounted on slides with Vectashield Plus DAPI (Vector Laboratories). All slides were 
visualized with a Zeiss Axioplan2 epifluorescent microscope using a rhodamine filter for 
PI slides and a DAPI filter for chromosome spreads. ImageJ was 
used to adjust the brightness and contrast of images. 
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Results 
Loss of ATR rescues morphological defects in CST mutants. 
To explore the role of ATR and ATM in plants lacking CST, we crossed ctc1 or 
stn1 heterozygotes to atr and atm mutants. F1 plants heterozygous for both mutations 
were self-crossed and offspring were used for analysis. As previously reported (Garcia 
et al., 2003; Culligan et al., 2004; Vespa et al., 2005), atm (Figure 1A) and atr (Figure 
1B) mutants were phenotypically indistinguishable from wild type. In contrast, ctc1 and 
stn1 mutants exhibited serious morphological defects (Song et al., 2008; Surovtseva et 
al., 2009), including fasciated inflorescence bolts and flowers (Figure 1C, arrowheads; 
Supplemental Figure 1, white arrows), irregularly spaced siliques (Figure 1C, arrows; 
Supplemental Figure 1), and small curved leaves. Although ctc1 and stn1 mutants 
always display morphological abnormalities, the expressivity of the mutant alleles is 
somewhat variable, with some individuals showing more severe phenotypes than others 
(Song et al., 2008; Surovtseva et al., 2009). Both ctc1 atm and stn1 atm double 
mutants displayed the same range of growth defects as ctc1 (Figure 1A) or stn1 
mutants (Supplemental Figure 1A). In contrast, ctc1 atr and stn1 atr mutants showed 
only minor perturbations in morphology, mainly irregularly spaced siliques. 
Approximately 30% of the double mutants appeared wild type (Figure 1B and C, 
Supplementary Figure 1B). The apparent rescue of morphological defects in ctc1 atr 
and stn1 atr mutants is consistent with the conclusion that CST protects against ATR 
activation. 
The improvement of morphological deficiencies in ctc1 atr mutants was only 
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temporary. Second generation (G2) ctc1 atr mutants showed severe developmental 
defects, and most died before bolting (Figure 1D and E). Many of the phenotypes 
associated with G2 ctc1 atr resembled G1 ctc1 mutants (Surovtseva et al., 2009). 
Defects included curved, misformed leaves and severe floral abnormalities, such as 
missing anthers, curved pistils, open carpels with seeds exposed and petals that were 
green like sepals (Figure 1E). We conclude that ATR alters plant growth in response to 
CST abrogation. 
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Figure A3-1. Loss of ATR rescues the morphological defects of ctc1 
mutants.  The morphology of ctc1 mutants in the presence or absence of 
ATM or ATR is shown.  (A) The phenotype of a ctc1 atm double mutant (right) 
resembles the ctc1 single mutant. (B and C) Morphological defects of ctc1 
mutants are largely rescued when ATR is lost. Arrowheads indicate fasciated
stems and flowers; arrows indicate irregular phyllotaxy.  Images of second 
generation (G2) ctc1 atr mutants are presented showing an intact plant (D) 
with curved, small leaves, or malformed flowers (E) bearing a curved pistil, 
and stamen and petal deficiency.
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ATR facilitates telomere length maintenance in the absence of CTC1 or STN1. 
The morphological rescue seen in CST mutants lacking ATR argues that ATR is 
activated by telomere dysfunction. Given the role of ATR in telomere maintenance in 
telomerase mutants (Vespa et al., 2005), we considered the possibility that ATR also 
contributes to telomere maintenance in plants lacking CST. Bulk telomere length was 
monitored using Terminal Restriction Fragment (TRF) analysis. As previously reported 
(Vespa et al., 2005), telomere tracts in atr and atm were similar to wild type (Figure 2A, 
lanes 1, 4, 6), while G1 ctc1 telomeres were shorter and more heterogeneous (Figure 
2A, lane 7). The absence of ATM did not affect telomere length in G1 ctc1 mutants 
(Figure 2A, lanes 8-9). In both G1 ctc1 and G1 ctc1 atm mutants, telomeres ranged 
from 1-5kb, with a peak signal at 2kb. In contrast, telomeres were consistently shorter 
in G1 ctc1 atr mutants than in G1 ctc1 (Figure 2A, lanes 2-3 and 7), with some signals 
trailing below 1kb (peak = 1.5kb). Similar findings were obtained with G1 stn1 atm 
(Figure 2A, lanes 13-16) and G1 stn1 atr mutants (Figure 2A, lanes 19-20 and 23-24). 
Primer Extension Telomere Repeat Amplification (PETRA) was employed to 
precisely measure telomere length on individual chromosome arms. In this assay, wild 
type telomeres range from 2-5kb and typically appear as one to three bands depending 
on the chromosome arm (Figure 2B) (Heacock et al., 2004). As with bulk telomere 
analysis, PETRA showed that the telomere profiles of atr (Figure 2B) and atm 
(Supplemental Figure 2A and B) were similar to wild type, whereas telomeres from G1 
ctc1 and G1 stn1 migrated as a broad smear ranging from 1.5-4kb (Figure 2B). PETRA 
confirmed that telomere tracts were similar in G1 ctc1 and G1 ctc1 atm mutants 
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Figure A3-2. ATR, but not ATM, contributes to telomere length 
maintenance in ctc1 and stn1 mutants. (A) TRF analysis of ctc1 crosses to 
atr and atm (lanes 1-9) and stn1 crosses to atm (lanes 10-16) and atr
(lanes 17-24).  (B) PETRA results for the 2R telomere in ctc1 atr mutants 
and the 3L telomere in stn1 atr mutants.  (C) Quantification of telomere 
lengths from ctc1 atr PETRA analysis shown in panel B.  Telomere length 
was calculated by subtracting the distance of the subtelomeric primer 
binding site relative to start of the telomere repeat array from the PETRA 
value.  For all genotypes, n=4.  (D) Parent-progeny PETRA analysis of 
telomeres in G1 and G2 ctc1 atr mutants. Asterisk indicates interstitial 
telomeric repeats used as a loading control.
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(Supplemental Figure 2A). In contrast, telomeres in G1 ctc1 atr mutants were shorter 
by an average of 300 bp compared to G1 ctc1 mutants (Figure 2B and 2C). The same 
result was obtained for stn1 mutants in both atm (Supplemental Figure 2B) and atr 
(Figure 2B) deficient backgrounds. Hence, ATR, but not ATM, contributes to telomere 
length maintenance when CST is compromised. 
We examined the status of the G-overhang in G1 ctc1 atr mutants using in-gel 
hybridization. This assay detects single-stranded G-rich telomeric DNA either at the 
extreme chromosome terminus or within the double-stranded telomere region, if gaps 
are present in the C-strand. As previously reported (Surovtseva et al., 2009), ctc1 
single mutants showed enhanced G-overhang signals, three- to six- fold greater than 
wild type (Supplemental Figure 3). G-overhang status was wild type in atr mutants. 
Furthermore, the loss of ATR did not exacerbate the G-overhang phenotype in ctc1 
mutants (Supplemental Figure 3). We conclude that ATR does not play a significant 
role in G-overhang maintenance, and further that ctc1 atr mutants do not carry 
extensive sections of incompletely replicated telomeric C-strand DNA. 
Since G2 ctc1 atr mutants have much more severe morphological defects than 
G1 ctc1 atr (Figure 1D and E), we were prompted to examine telomere length in G2 
double mutants using PETRA. Telomere tracts in G2 ctc1 atr were much shorter (up to 
1kb) than their G1 parents (Figure 2D). This attrition is more than three times greater 
than the telomere shortening in G1 ctc1 atr mutants versus their ctc1 siblings (300 bp) 
(Figure 2, A-C), and more than two times higher than G2 stn1 mutants versus their G1 
parent (~400 bp)(data not shown). In conjunction with telomere shortening, the profile 
315 
 
of telomere fragments switched from heterogeneous, smeary bands in the G1 ctc1 atr 
parents to very homogenous, sharp bands in the G2 ctc1 atr offspring (Figure 2D). 
PETRA assays conducted with five generations of atr mutants revealed no change in 
telomere length (Supplemental Figure 2C), confirming that the telomere maintenance 
defect in ctc1 atr mutants reflects a synergistic effect of both ATR and CST dysfunction. 
These data further indicate that ATR contributes to telomere maintenance in a biphasic 
manner. In the first generation of a CST deficiency, ATR makes a modest contribution 
to telomere maintenance. However, the prolonged absence of ATR in plants lacking 
CST leads to a much more dramatic loss of telomeric DNA. 
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Figure A3-3. ATR stimulates telomerase activity.  Quantitative 
TRAP results for first (G1), second (G2) and fourth (G4) 
generation mutants of different genotypes are shown.  Q-TRAP 
was also performed on wild type seedlings treated with 20µM 
zeocin for 3 days.   All samples were from flowers except G2 atr, 
G2 ctc1, and G2 ctc1 atr, which were from seedlings.  
Telomerase activity is plotted relative to wild type.  For zeocin-
treated seedlings, telomerase activity is relative to untreated wild 
type seedlings.  Error bars represent standard deviation.  n=2 for 
all genotypes except G1 WT n=5, zeocin-treated WT n=6, G1 
ctc1 n=4, G2 atr n=3, and G4 atr n=4.
317 
 
Inactivation of ATR down-regulates telomerase enzyme activity. 
A profile of shorter, more homogeneous telomere tracts is consistent with a 
defect in telomerase-mediated telomere maintenance (Riha et al., 2001; Kannan et al., 
2008). Thus, one explanation for the enhanced rate of telomere loss in G2 ctc1 atr 
mutants is that telomerase can no longer act on dysfunctional chromosome ends. To 
investigate this possibility, we used Quantitative Telomere Repeat Amplification 
Protocol (Q-TRAP) to measure telomerase enzyme activity levels in consecutive 
generations of ctc1 atr mutants. As expected (Song et al., 2008; Surovtseva et al., 
2009), telomerase activity was robust in G1 and G2 ctc1 and stn1 seedlings, and 
indistinguishable from wild type samples (Figure 3). Wild type levels of telomerase 
activity were also detected in G1 atr mutants. Unexpectedly, however, telomerase 
activity declined by ~15-fold in G2 atr mutants (Figure 3). This decrease persisted in 
subsequent plant generations with G4 atr mutants also exhibiting dramatically reduced 
enzyme activity. The reduction in telomerase activity was not confined to a specific 
developmental stage; Q-TRAP data obtained from both seedlings and flowers gave 
similar results (Figure 3). Notably, Q-TRAP revealed the same level of enzyme activity 
in G1 ctc1 atr mutants as in wild type plants, and enzyme activity in G2 ctc1 atr 
decreased by the same amount as in G2 atr (Figure 3). Hence, loss of ATR, and not 
CTC1, leads to decreased telomerase activity. 
In yeast and vertebrates, disruption of ATR causes genome wide replicative 
stress (Nam and Cortez, 2011), suggesting that the stimulus for reduced telomerase 
activity in G2 atr mutants might be accumulating genome damage. To investigate 
318 
 
whether genotoxic stress triggers a decrease in telomerase activity, wild type seedlings 
were treated with zeocin, which induces double-strand breaks. Q-TRAP revealed ~7.5- 
fold reduction in telomerase in treated seedlings versus controls (Figure 3). This 
observation suggests that the repression of telomerase activity in G2 atr mutants may 
reflect the activation of a DDR triggered by replicative stress. Altogether, these results 
show that the dramatic loss of telomeric DNA in G2 ctc1 atr mutants correlates with an 
abrupt decline in telomerase enzyme activity. 
ATR suppresses the formation of end-to-end chromosome fusions in CST mutants. 
Catastrophic loss of telomeric DNA in ctc1 and stn1 mutants coincides with the 
onset of telomere fusions (Song et al., 2008; Surovtseva et al., 2009). Dysfunctional 
telomeres are recruited into chromosome fusions through the non-homologous end-
joining (NHEJ) pathway, which is activated by ATM and indirectly by ATR (Denchi 
and de Lange, 2007; Deng et al., 2009). Therefore, we asked if the accelerated telomere 
shortening in plants lacking CST and ATR correlates with an increased incidence of 
telomere fusions using telomere fusion PCR (TF-PCR). TF-PCR employs primers 
specific to unique subtelomeric sequences on each chromosome arm to amplify 
junctions of covalently fused telomeres. For these studies, DNA from mature G1 
mutants was analyzed. As expected, telomere fusions were not observed in wild type, 
atr (Supplemental Figure 4B, D) or atm (Supplemental Figure 4A, C) mutants. In 
contrast, massive chromosome end-joining events, represented by abundant 
heterogeneous smears, were associated with the loss of CTC1 (Supplemental Figure 
4A-B) or STN1 (Supplemental Figure 4C-D). When either ATR (Supplemental Figure 
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Figure A4-4. End-to-end chromosome fusions increase in plants 
lacking CST and ATR.  (A) Cytology of anaphases from pistils 
from G1 plants of the genotypes indicated.  Spreads are stained 
with DAPI.  (B) Quantification of anaphase bridges from cytology 
in (A).
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4B, D) or ATM (Supplemental Figure 4A, C) was absent in ctc1 or stn1 mutants, TF-
PCR products were still detected. TF-PCR provides an indication of whether telomeres 
are prone to end-joining reactions, but it does not give quantitative information about the 
number of chromosome fusions. To obtain a quantitative assessment of telomere joining 
events, we monitored the incidence of anaphase bridges in mitotically dividing cells 
using conventional cytology (Figure 4A). As described previously (Song et al., 2008; 
Surovtseva et al., 2009), bridged chromosomes were detected in the floral pistils of G1 
ctc1 and stn1 mutants (23% and 21% of all anaphases, respectively), compared to few or 
none in wild-type, atr, and atm mutants (Figure 4B). The loss of ATM did not alter the 
percentage of anaphase bridges in stn1 mutants. Conversely, there was a dramatic 
increase in the incidence of anaphase bridges in G1 stn1 atr (57%) and G1 ctc1 atr 
(53%) relative to stn1 and ctc1 (Figure 4B). Remarkably, 70% of anaphases in the triple 
G1 stn1 atr atm mutants contained bridged chromosomes (Figure 4B). Thus, an ATR- 
and ATM-independent mechanism can promote fusion of dysfunctional telomeres. The 
increased incidence of chromosome bridges suggests that ATR inhibits telomere fusion 
in CST mutants. 
ATR attenuates the transcriptional response to DNA damage in plants lacking CTC1. 
The role of ATR in repressing telomere fusions together with the accelerated 
telomere shortening, and morphological disruptions in CST mutants argues that loss of 
CST triggers an ATR-mediated DDR. To investigate this possibility, we monitored the 
expression of several transcripts implicated in DDR (RAD51, BRCA1 (BREAST 
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CANCER SUSCEPTIBILITY 1) and PARP1 (Poly [ADP-ribose] polymerase 1)) 
(Doucet-Chabeaud et al., 2001; Lafarge and Montané, 2003; Yoshiyama et al., 2009). 
Quantitative RT-PCR was performed using cDNA made from first generation (G1) ctc1 
flowers. Expression of both PARP1 and BRCA1 was significantly up-regulated in ctc1 
mutants compared to wild type (3.7- and 1.9-fold, respectively) (Figure 5). In addition, 
RAD51 expression was 1.5 times higher in ctc1 mutants (Figure 5), but the difference 
was not statistically significant. These results suggest that the CST complex protects 
against a DDR. 
We next asked if ATM or ATR are necessary to initiate a transcriptional response 
in plants lacking CST since in Arabidopsis, the response to double-strand breaks is 
mostly mediated by ATM, but ATR is also required (Friesner et al., 2005). In ctc1 atm 
mutants, PARP1 and BRCA1 transcripts were above wild type levels (2.1 and 1.7 times 
wild type, respectively), but were slightly less abundant than in ctc1 mutants. This 
finding suggests that ATM contributes to the activation of a DNA repair transcriptional 
program in ctc1 mutants. A more dramatic change in transcript level was observed in 
plants doubly deficient in CTC1 and ATR. Expression of all three DDR genes was 
significantly elevated in ctc1 atr mutants relative to wild type, atr or ctc1 (Figure 5). 
Compared to wild type, ctc1 atr mutants showed a 7.7 fold increase in PARP1 
expression, a 2.3-fold increase in RAD51, and a 3.1-fold increase in BRCA1. Thus, ATR 
curbs the transcriptional response to loss of CTC1. This observation is consistent with 
ATR-mediated suppression of chromosome fusions. 
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Figure A3-5.  Loss of CTC1 activates an ATR-dependent 
transcriptional response.  qRT-PCR results are shown for the 
DDR transcripts PARP1, BRCA1, and RAD51 in floral organs.  
Expression levels are relative to wild type, and data for first 
generation (G1) mutants are shown.  For each genotype, n=3, 
except for ctc1 atm, n=2. Single asterisk denotes a p-value <0.05 
relative to wildtype; two asterisks denote a p-value<0.005 relative 
to wildtype (Student’s T-test).  Error bars represent S.E.M.
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ATR promotes programmed cell death in ctc1 mutants. 
ATR is implicated in programmed cell death signaling in Arabidopsis (Fulcher 
and Sablowski, 2009; Furukawa et al., 2010). To further explore the role of ATR in 
plants lacking CST, we monitored stem cell viability in root apical meristems (RAM) of 
seedlings using propidium iodide (PI) staining (Figure 6A). PI is a membrane-
impermeable dye that is excluded from live cells. In dead cells, PI passes through the 
cell membrane and binds nucleic acids. The limited biomass of young seedlings 
precluded genotyping to identify G1 double mutants so early in their development. 
Therefore, we examined the RAM in their progeny, G2 ctc1 atr mutants. As expected, PI 
staining was not associated with the RAM in wild type seedlings (Figure 6A, panel ii). 
Similarly, G2 atr seedlings showed no PI staining (Figure 6A, panel iii). In contrast, 
strong PI staining was observed in G2 ctc1 RAM (Figure 6A, panel iv) or G2 stn1 RAM 
(Figure 6A, panel v), consistent with activation of a robust DDR. We next asked if ATR 
is responsible for cell death in CST mutants (Figure 6A, panel vi). Strikingly, the 
number of PI positive cells in G2 ctc1 atr dropped to an average 1.75 cells/root 
compared to 5.75 and 4.35 cells/root for stn1 and ctc1, respectively (Figure 6A, panel vi 
and Figure 6B). A subset of mutant seedlings (25% in stn1, 35% in ctc1, and 67% in 
ctc1 atr) had no PI-positive cells. The short roots from these plants had a high density of 
root hairs and no obvious RAM (Figure 6A, panels vii-viii). We speculate that in such 
plants, epithelial precursor cells may be able to differentiate, but other cell types have 
been eliminated from the RAM or have differentiated inappropriately. These mutant 
roots are remarkably similar to gamma-irradiated lig4 roots, where RAM cells are  
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Figure A3-6. ATR activates programmed cell death of the root apical meristem (RAM) of 
ctc1 mutants. (A) Representative images of G2 seedling root tips stained with propidium
iodide (PI).  (i) Diagram of a root tip.  Stem cells and adjacent daughter cells are shaded 
gray.  White cells in the RAM center are quiescent center cells.  WT (ii) and atr (iii) roots 
are PI-negative, but the RAM of ctc1 (iv) and stn1 (v) mutants have numerous PI-positive 
(dead) cells.  (vi) Fewer PI-positive cells are present in ctc1 atr mutants.  (vi-vii) A subset 
of ctc1 or stn1 roots were PI-negative, but displayed severe morphological defects.   (B) 
Quantification of PI-positive cells in different genetic backgrounds. The average number of 
PI-positive cells per root tip is shown.  stn1 (n= 12); ctc1 (n=17); ctc1 atr (n=12). Asterisk 
denotes a p-value <0.05 (Student’s T-test).  Error bars represent S.E.M.
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arrested (Hefner et al., 2006). Taken together, these data indicate that ATR 
activationleads to programmed cell death in plants lacking CST. Further, we speculate 
that the decrease in PCD in ctc1 atr mutants leads to an accumulation of cells exhibiting 
DDR and increased numbers of end-to-end chromosome fusions. 
Discussion 
CST protects telomeres from activating ATR. 
A key function of intact telomeres is to prevent the chromosome terminus from 
eliciting a cellular DDR that leads to end-to-end chromosome fusions and genome wide 
instability. Here we show that the Arabidopsis CST prohibits the activation of ATR-
mediated DDR. We find that the absence of CTC1 results in elevated levels of DDR 
transcript expression and programmed cell death in the RAM. The sacrifice of stem 
cells by programmed cell death is a common response to DNA damage in plants 
(Fulcher and Sablowski, 2009; Furukawa et al., 2010), and has obvious benefits for 
organismal viability. Several observations support the idea that ATR-mediated 
programmed cell death reduces genome instability in CST mutants. First, expression of 
DDR transcripts increases in ctc1 atr mutants compared to ctc1 mutants. Second, the 
incidence of chromosome fusions increases in ctc1 atr mutants. Finally, plants lacking 
core components of CST display severe morphological abnormalities as a consequence 
of profound genome instability (Song et al., 2008; Surovtseva et al., 2009), and these 
phenotypes are largely rescued by a deficiency in ATR, but not ATM. The rescue is only 
temporary, however, and in the next generation (G2), ctc1 atr mutants suffer even more 
devastating developmental defects than G2 ctc1 single mutants. This observation is 
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Figure A3-7.  Model depicting CST and ATR cooperation in maintaining 
telomeric DNA and genome integrity in Arabidopsis.  (A) In wild type plants, 
CST interacts with the 3’ overhang to protect the chromosome terminus from 
telomere shortening, end-to-end chromosome fusions (Song et al., 2008; 
Surovtseva et al., 2009) and activation of ATR-dependent DDR (this study).  
ATR facilitates replication fork progression. Similarly, CST is thought to 
stimulate replication fork restart within the telomeric duplex via interaction with 
DNA polymerase alpha (Price et al., 2010; Nakaoka et al., 2011).  Telomeric
DNA is represented by blue lines. (B) Plants lacking CST activate ATR-
dependent DDR, initiating programmed cell death in stem cell niches.  
Replication fork progression is perturbed in the telomeric duplex, contributing 
to the loss of telomeric DNA. Telomerase action delays the onset of complete 
telomere failure.  (C)  Accumulating replicative stress in atr mutants triggers 
an ATR-independent DDR that results in telomerase inhibition.  Telomeres in 
the wild type size range can be maintained.  (D) Catastrophic telomere 
shortening occurs in plants lacking both CST and ATR due incomplete 
replication of the duplex and failure of telomerase to act on critically shortened 
telomeres.  See text for details.
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consistent with checkpoint bypass, resulting in the accumulation of DNA damage when 
ATR is lost in ctc1 mutants. We postulate that the failure to initiate programmed cell 
death allows ctc1 atr cells with dysfunctional telomeres to continue cycling until 
rampant genome instability leads to developmental arrest (Figure 7B). 
While this manuscript was under review, Amiard et al. published a study that 
verifies and complements our findings concerning the role of CST in suppressing an 
ATR-mediated DDR (Amiard et al., 2011). These authors show an ATR-dependent 
induction of γH2AX at telomeres in Arabidopsis ctc1 mutants, consistent with our 
transcriptional data showing induction of DDR transcripts in response to loss of CTC1. 
Amiard and colleagues also demonstrate that ATR and ATM repress formation of 
anaphase bridges and promote PCD in ctc1 mutants. They conclude, as do we, that 
ATR maintains genome stability in CST mutants (Amiard et al., 2011). 
Together, these Arabidopsis studies highlight the complexity of the DDR in plants 
and show that multiple, overlapping mechanisms are harnessed to detect and to 
process dysfunctional telomeres. For example, the increased incidence of telomere 
fusions in plants lacking CST and ATR could reflect survival of cells with profound 
telomere dysfunction due to checkpoint bypass, as well as a contribution of ATR in 
facilitating maintenance of short telomeres (see below). Notably, telomere fusions 
accumulate even in the absence of both ATM and ATR when CST is compromised 
(Amiard et al., 2010; this study). A third PIKK family member in vertebrates, DNA-
dependent protein kinase catalytic subunit (DNA-PKcs), functions in non-homologous 
end-joining (NHEJ) (Lieber et al., 2003) and could potentially serve as back-up 
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mechanism to trigger telomere fusion. Plants lack an obvious DNA-PKcs ortholog, and 
thus the ATR/ATM independent response elicited by telomere dysfunction is unknown. 
Further complicating matters, uncapped telomeres engage both canonical and 
noncanonical DNA repair pathways in Arabidopsis. Critically shortened telomeres fuse 
in the absence of two core NHEJ repair proteins, Ku70 and Ligase IV (Heacock et al., 
2007), and in plants lacking Ku as well as Mre11 (Heacock et al., 2004). In humans, an 
alternative end-joining pathway, which employs PARP1 and DNA ligase III, is activated 
if the canonical DNA-PKcs/Ku pathway is non-functional (Audebert et al., 2004). It is 
unknown if PARP1 plays a similar role in plants, but it is an intriguing 
possibility given the induction of PARP1 expression in ctc1 and ctc1 atr mutants (Figure 
5). 
Cooperation of CST and ATR in telomere maintenance 
Figure 7 presents a model summarizing the multifunctional roles of ATR at 
Arabidopsis telomeres. The data presented here showing a central role for ATR in the 
response to CST abrogation provides additional support for the proposal that CST binds 
single-stranded DNA at the chromosome terminus in multicellular organisms (Miyake et 
al., 2009; Surovtseva et al., 2009) (Figure 7A). While our findings do not specifically 
address whether CST directly contacts the G-overhang, they are consistent with this 
conclusion and with the current model that single-strand telomere binding proteins 
protect the chromosome terminus by excluding RPA from the G-overhang (Gong and de 
Lange, 2010; Flynn et al., 2011). 
Our results show that CST and ATR cooperate in the maintenance of telomeric 
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DNA. We found that inactivation of ATR, but not ATM, accelerates the attrition of 
telomeric DNA at telomeres lacking CST. Multi-generational analysis of ctc1 atr 
mutants demonstrated that ATR makes a biphasic contribution to telomere length 
homeostasis. Our data indicate that in the first generation of a CST deficiency, the role 
of ATR is relatively minor. Telomeres are ~300bp shorter in ctc1 atr mutants than when 
ATR is intact. However, in the next generation, telomere shortening is much more 
aggressive, and up to 1kb more telomeric DNA is lost. We hypothesize that this 
biphasic response reflects two distinct contributions of ATR in promoting telomere 
maintenance (Figure 7B and 7C). 
Emerging data indicate that ATR and CST cooperate to facilitate DNA 
replication through the telomeric duplex (Price et al., 2010) (J. Stewart and C. Price, 
personal communication). ATR is activated in response to replication fork stalling 
(Verdun et al.,2005; Miller et al., 2006), and specifically suppresses telomere fragility 
derived from incomplete replication (Martínez et al., 2009; Sfeir et al., 2009; McNees et 
al., 2010). Notably, mammalian chromosomes depleted of CTC1 or STN1 display 
multiple telomere signals, consistent with telomere fragile sites (Price et al., 2010). CST 
is proposed to participate in replication fork restart via its interaction with DNA 
polymerase-alpha (Casteel et al., 2009; Price et al., 2010). Consistent with this model, 
Xenopus CST is required for priming replication of ssDNA (Nakaoka et al., 2011). 
Altogether these findings indicate CST and ATR cooperate in relieving replicative stress 
within the telomere duplex (Figure 7B and 7C). When both CST and ATR are 
compromised, replication fork stalling is increased (Figure 7D), triggering double-strand 
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breaks, and in turn, deletion of telomeric DNA. 
Replicative stress may account for the modest increase in telomere shortening in 
G1 ctc1 atr mutants. While the extent to which ATR and CST modulate replication of 
the telomeric duplex in plants is unknown, preliminary data suggest that the contribution 
of these two components could be less significant in plants than in vertebrates. In 
human cells lacking CST, a small fraction of G-rich telomeric single-stranded DNA 
signal is resistant to exonuclease treatment (Surovtseva et al., 2009; Miyake et al., 
2009), consistent with incomplete replication of internal telomeric DNA tracts. Parallel 
analysis in Arabidopsis failed to detect exonuclease-resistant G-rich single-stranded 
DNA (Surovtseva et al. 2009), suggesting that CST acts primarily at the extreme 
chromosome terminus. We also found no increase in G-rich single-stranded DNA in 
ctc1 atr mutants relative to ctc1, implying that loss of ATR does not trigger massive 
replication fork stalling in CST mutants. 
Telomerase and ATR 
What accounts for the abrupt and dramatic loss of telomeric DNA in G2 ctc1 atr 
mutants? We propose that this delayed response reflects telomerase inhibition 
triggered by prolonged ATR inactivation. Depletion of ATR in mice leads to extensive 
chromosome fragmentation and a null mutation is embryonic lethal (Brown and 
Baltimore, 2000; de Klein et al., 2000). In contrast, plants lacking ATR are viable, fully 
fertile and morphologically wild type (Culligan et al., 2004). Although no overt genome 
instability is associated with ATR depletion in Arabidopsis, we speculate that 
accumulating replicative stress elicits a hitherto unrecognized DDR, one consequence 
331 
 
of which is telomerase repression (Figure 7C). In support of this hypothesis, we 
showed that the genotoxin zeocin inhibits telomerase activity in wild type seedlings. 
Strikingly, telomerase activity is unaffected in plants lacking CST, indicating that 
telomere dysfunction does not inhibit telomerase. Sustained repeat incorporation onto 
compromised chromosome ends would be advantageous if it delays the onset of 
complete telomere dysfunction. Notably, ctc1 tert telomeres shorten more rapidly than 
in either single mutant background (K. Boltz and D. Shippen, unpublished data), arguing 
that telomerase continues to act on telomeres in the absence of CST. 
Although the molecular basis for this ATR-independent pathway of DNA 
damage-induced telomerase repression is unknown, such a response reduces the 
potential for telomerase to act at sites of DNA damage, thereby limiting the chance of 
inappropriate telomere formation. A variety of mechanisms have been reported in yeast 
and vertebrates to restrain telomerase action following genotoxic stress (Schulz and 
Zakian, 1994; Kharbanda et al., 2000; Wong et al., 2002; Makovets and Blackburn, 
2009). The extent to which all of these pathways are conserved bears further 
investigation. Finally, it is curious that despite the strong inhibition of telomerase in 
plants lacking ATR, telomere length homeostasis is unperturbed in the five generations 
of mutants we monitored (Vespa et al., 2005); this study). One possibility is that DNA 
damage triggers a qualitative change in telomerase behavior, which is detected in our 
Q-TRAP assay as a quantitative change in activity. Repeat addition processivity (RAP) 
is not a property of Arabidopsis telomerase that can be assessed in our PCR-based 
TRAP assay. However, RAP of telomerase influences, and is influenced by, telomere 
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length (Lue, 2004). Telomerase RAP is dramatically altered in human cancer cells 
depending upon whether telomeres are within the normal range, or are artificially 
shortened (Zhao et al., 2011). Likewise, the RAP of yeast telomerase is enhanced at 
critically shortened telomeres in an ATM-dependent manner (Chang et al., 2007). Thus, 
it is conceivable that a crippled telomerase in atr mutants is sufficient to maintain 
telomeres already in the wild type range, but lacks the capacity to act efficiently on 
critically shortened telomeres in ctc1 mutants, thereby enhancing the pace of telomere 
attrition. 
 
 
 
 
